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Abstract

A study to investigate the combustion characteristics on hydrogen angled injection
has been performed in a model afterburner of the Pre-Cooled Turbo Jet engine (PCTJ). Fuel-
lean and fuel-rich simulations have been performed at different injection configurations to
evaluate the chemical heat release, total heat loss, combustion efficiency and NOx
production. The study is useful to provide good understanding on the flow behavior and
combustion characteristics that will later be used in the experimental evaluation of the PCT)
combustor. Computational Fluid Dynamics (CFD) simulations are run in a steady state
manner solving the Reynolds Averaged Navier-Stokes (RANS) conservation equations
augmented by a two-layer k-¢ turbulence model using the SIMPLEST algorithm, over a three
dimensional domain (3D). The domain boundary conditions isothermal upper and lower side
of the axial flow and periodic on the left and right sides of the axial flow. The chemical
interactions taking place in the combustion process were calculated using the CHEMKIN sub-
routine. The chemical reaction mechanism used in this simulation involved 188 elementary
reactions and 28 chemical compounds. The detailed NO chemical reaction system has been
selected to provide a detail understanding of the NOx emission in the combustion process.
The angle configurations used throughout the calculations for all equivalence ratios range
from 10° to 120°. Data for different configurations is plotted at a constant equivalence ratio
(0.26 — lean and 2.0 — rich) when one pair of angles is kept constant and the other varied,
with the process repeated for the other case respectively. The combustion efficiency is
evaluated using two approaches, (A) uses an enthalpy difference between the outlet and
inlet enthalpies in relation to hydrogen theoretical heat release. This first approach is used

to have a comparison basis between experiments and numerical simulations. The (B) second



approach evaluates the combustion efficiency as the ratio between the chemical heat
release and the theoretical heat release. The heat loss at the walls is investigated in the
entire chamber. The combustion efficiency is investigated near the nozzle area for
comparison with experiments, and throughout the combustor to determine the flow
influence induced by the angles injection. The EINOx is investigated at the exit of the
combustor for different injection configurations. Experiments have shown a large
temperature difference between the injection region, around the injector, and the nozzle
region. As the equivalence ratio increased, the temperature difference decreased. This
phenomenon has been investigated numerically, and the cause was determined to be due to
the flow behavior induced by various angles of injection and heat loss incurred during the
combustion process. Experiments were performed using a high enthalpy wind tunnel on
model combustor with one injector. Using a system of thermocouples and static pressure

sensors, relevant data was recorded for a fixed fuel-lean and fuel-rich equivalence ratio.

Simulations at fuel-lean conditions have found a that constant angled injection on
one pair (upstream or downstream) coupled with increasing angles on the other pair, lead to
higher combustion efficiency, when it is evaluated as an enthalpy difference. Higher angles
on the downstream increase the mixing in the area and as a result, the temperature in the
area. With increasing mixing, and a higher temperature, the NOx emission increase.
However, as a result of higher angles, the heat loss at the walls also increased. This lead to
the evaluation of the combustion efficiency using the chemical heat release approach, near
the injector. The second approach is fairly independent of the flame temperature and heat
loss in the combustor. Following this approach, we find that combustion efficiency is higher

for increasing angles and lower when angles inject fuel perpendicular and up-flow.



For fuel-rich combustion the performance is substantially influenced by upstream
angles due to the vortices that form in front of the injector at high angles lowering the
maximum temperature of the flame. Another factor is the presence of the recirculation
zones in the wake of the injector, which is found to lower the combustion efficiency. As the
mixture becomes richer the combustion zone moves closer to the injector producing a
smaller amount of NOx in the exhaust gas. Simulations at fuel-rich conditions show the heat
loss is influenced by the mixture’s prolonged contact with the walls, and by vortices forming
between the two pairs of injection holes. The chemical heat release was influenced by the
size of the vortices in the wake of the injector which affected the velocity flow field. The
large vortices that form in the wake of the injector break down into smaller formations,
when large angles inject fuel closer to the walls and are reflected, increasing turbulence and
combustion efficiency, and heat loss at the walls. It has been found that NO is created in the
post-flame region and increases downstream in the combustor. The concentration of NO2
decreased significantly in the wake of the injector, in the post-flame region, and was

coincident with a corresponding formation of NO.

A sensitivity study has also been performed to determine the important reactions
that create NOx in the current combustor. NO is produced in the center of the high
temperature values of the flame through the Zel’dovich mechanism, NO2 recombination and
to a smaller degree, by the N20O destruction. The NO2 production is more pronounced in
large vortices that form as a result of angled injection. The NNH route is found to have a

small influence on the creation of NO through re-dissociation into NO precursors.
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1. Introduction

The process of combustion has been at the core of energy producing industries for many
years. Most of our energy (~80%) comes from the combustion of various substances, solids,
liquids and gases”. This has dominated our industrial revolution and evolution. It is also
predicted, based on the amount of resources available, that combustion will remain the
main source of energy for the next centuries. This process has remained in the focus of
researchers, because many combustion-related questions have yet to be answered. Since
the study of combustion is a “polyscience” study, a background of the different sciences
associated is necessary. To answer some of these questions, a theoretical and an
experimental approach is recommended. The theoretical approach includes analytical
models, numerical predictions and predictive algorithms. Any theoretical approach has to be
compared, validated and checked empirically after which another step can be put on the

foundation of what is the combustion process.

Combustion has applications in many fields and industries from power generation,
material production, heating, safety, pollutant emission and control being just a few. In the
power generation field, two divisions are distinguished. One is the electricity generating
stations using coal or natural gas. The other is the ground, water and air transport industry

using liquid and gaseous fuels.

Propulsion challenges are closely related to the problems affecting the aerodynamics of
the aircraft. Basically what can work for a flight speed corridor, will not work or be efficient
in others. Thus a combination of propulsion system is suggested to enable engine operation
over various regimes. One such example is a turbojet based combined cycle (TBCC) engine

which is a combination of a compressor - turbine and ramjet/scramjet propulsion system.

1



According to Barber et al. 2, challenges that need to be addressed in resolving propulsion
system for TBCC include variable geometry designs, thermal management, materials and
engine components, fuels, environmentally friendly exhaust products, injector type and flow

paths.

The current study is focused on helping to tackle the propulsion challenges which are
related to the power generation combustion process in aircrafts. The combustion chamber’s
purpose, whether it is a main combustor or an afterburner, is to burn large quantities of fuel,
with suitable volumes of air, and to direct and release the heat resulted from the
combustion, with minimum heat loss and maximum heat release, in the limited space

3¢h-4 Combustion must be stable, efficient and with low pollutant emissions 3.

available
Stable combustion means the ability of the flame to remain alight for the entire flight regime
and aircraft envelope. A strict control of the efficiency is necessary to achieve the most
thrust with minimum losses out of a propulsion system. Due to severe environmental

damage, unwanted pollutants, created within the combustion chamber, must be strictly

controlled.

While the main combustor’s purpose is to generate the necessary thrust needed for the
aircraft to function, afterburning (or reheat) is a method of augmenting the basic thrust of
the engine to improve the aircraft take-off, climb and (for military aircraft) combat
performance. The increased power could be obtained by the use of a larger engine, but as
this would increase the weight, afterburning provides the best method of thrust
augmentation for short periods. Exhaust gases coming from the engine turbine are mixed

and burned with unburned oxygen and fuel before the jet chamber propelling nozzle. The



resulting combustion increases the temperature of the exhaust gas giving increased velocity

of the exhaust gases and therefore increasing the engine thrust.

Trying to satisfy all of the above conditions requires a compromise which would give a
noticeable reduction of pollution with the least sacrifice in engine thrust, fuel consumption,
and addition of weight. However with the possibility of supersonic and hypersonic flight
around the corner, a continuous research effort is put forth on ramjet and scramjet
combustors *. They offer a simple geometry with a high specific impulse, and can be used at
high speed flight regimes . Although ramjet engines are fuel-efficient for supersonic regimes
® they are inefficient at subsonic speeds since they depend on the high speed of the aircraft
to compress the intake air, needed for the combustion of fuel. To allow operation of the
ramjet engine at subsonic regimes, a combined cycle engine is used to cover the entire flight
regime. One major challenge of the combined cycle engine is to have an optimized flow path

through the engine. This implies the use of variable geometry engine parts.

A design that incorporates the advantages of the ramjet with the capabilities of the
turbojet, the Pre-Cooled Turbo Jet engine (PCTJ) %, is an air turboramjet engine equipped
with a heat exchanger, that is expected to power the next generation of hypersonic

1011 the PCT) employs a

transport in Japan S, Following its predecessor, the ATREX engine
variable intake, a pre-cooler or heat exchanger, a turbojet core and a ram combustor
(afterburner) fitted with a plug variable nozzle. The intake, equipped with variable ramps to
produce the appropriate shock pattern for the free stream flight regime. A rectangular shape
for the variable nozzle is selected because it is simpler in design and has a larger throat area.

It is fitted with three ramps, two of which are variable to produce the suitable shock

patterns according to the flight regime **. The pre-cooler, placed in front of the turbojet core,



is used to cool the incoming air, as well as the afterburner walls. Because the airflow
temperature entering the compressor stage is reduced by the pre-cooler, and the density of
the fluid is increased, larger airflow rates are achieved with lower compressor loads. This
allows the turbojet engine, with its metal structure, to operate at regimes up to Mach 6. The
turbojet engine comprises of a six stage axial compressor, an annular-type combustor and a
two stage turbine. A reverse annular-type combustor was chosen to reduce the total engine
length for the s-engine experiments B3 The afterburner is equipped with injectors to provide
after-burning and is fitted with a single-ramp rectangular variable exhaust nozzle. Using this

set-up, the PCTJ can operate from 0 to a flight Mach number of 6.

Combustion in the afterburner depends on the mixing of reactants, ignition, flame
holding and completion of combustion 1 The mixing process in the combustor is influenced
by the fuel and the injector. To achieve efficient mixing in an afterburner, a high energy, fast
reacting fuel is needed. For supersonic regimes, hydrocarbon fuels are the better alternative
because they offer advantages in volumetric storage and operation costs. However, while
liquid hydrocarbon fuels are useful for supersonic to hypersonic regimes, they are limited by
the rate of energy consumption at high temperatures 1> a fact that cannot be compensated
by injecting additional fuel to raise the exhaust speed, as in the case of simple di-atomic
gases like hydrogen. For high Mach (M > 4) number regimes, hydrogen fuel is the desirable
alternative. Hydrogen is well-known for its low greenhouse emissions and high efficiency *°,
as well as high-calorific value content per unit mass, and fast reaction *’. There is a
participation to the greenhouse gases via water vapors that influence cloud formation and
affect precipitation’®, especially in the lower atmosphere (<5km)*°. However, water vapors
are just a natural feedback effect to the changing weather. “The point is that water vapor

responds to climate — and therefore influences climate as a feedback. The concern is that

4



humans adding CO2 to the atmosphere will cause a change to the climate and water vapor

will have a feedback effect”?°

. The PCTJ uses liquid hydrogen for the pre-cooler and gaseous
hydrogen for the turbo machinery core and afterburner. After the liquid hydrogen absorbs
the heat of air in the pre-cooler, it later becomes gas and is supplied to the core engine and
afterburner. By controlling the equivalence ratio, a high specific impulse, high thrust and
weight ratio can be theoretically achieved. Fuel-lean combustion is used in the core turbojet,
to obtain a high specific impulse and fuel-rich combustion is used for the afterburner to
facilitate the air cooling ability in hypersonic flight, a fact that makes hydrogen even more

21
|

desirable as the fuel “*. As a result, the decrease of the specific impulse incurred when a fuel-

rich composition is used, is small.

Studies on the combustion in ramjets and scramjets 22 have shown that increasing
vorticity on the streamwise direction enhances mixture by the formation of pressure and
density gradients. This is achieved by different types of injector designs like swirl injector523,
strut injector524, wall injectors 2> which include transverse injectors 26 and swept ramp
injectors when ramps are mounted on the walls %’ the latter mainly used in scramjet
engines. Swirl injectors are predominantly used in liquid rockets with staged combustion, gas
turbines, and diesel engines for their high mixing and atomization efficiency. Strut and wall
injectors are preferred for ram combustors with subsonic or supersonic airflow. If wall
injectors are used, mixing is enhanced, but significant flow blockages are caused due to
shock waves and thrust losses. If strut injectors are used, fuel can be injected continuously in
the combustor, without the production of shocks. Through parallel fuel injection, strut
injectors can also increase the engine thrust by adding additional momentum. However they
have limited mixing capabilities. This can be increased through the use of shock waves or the

creation of streamwise vorticity 2829



The PCTJ afterburner is equipped with struts to provide flame holding that also act as
injectors. To increase vorticity in the streamwise direction, suitable geometry of the struts is
necessary. Studies done by Araki ** have focused on the mixing enhancements by Karman
vortex breakdown, equipping the injector with various trailing edge struts, when the
injection angle of the fuel, was unchanged. This study is based on the effects of injection
angles on the combustion process in the PCTJ afterburner. The purpose is finding a

configuration that can help improve the combustion efficiency with minimum NOx emissions.

Reducing air pollution and its effects on the immediate environment became a common
global goal in the last years due to the various degradations encountered in the environment
we live in. The net of restrictions spread further and tighter on the known pollutant
producers as research became more advanced. The major products resulting from a
combustion process include carbon dioxide and water. With the increase in stringent
environmental rules 3, an increase control and examination is necessary. Less obvious
products of the combustion include nitric oxides (NOx) 32 NOx refers to chemical mixtures of
nitric oxide and nitric dioxide (NO and NO,), substances that can be dangerous to humans
and to environmental health **. These NOx have an impact on the radiatively active trace
gases found in the Earth’s atmosphere like ozone, methane and water vapors found in the
stratosphere. NOXx resulting from the combustion of aviation fuels, alongside carbon dioxide
(CO,), sulfur dioxide (SO,) and other combustion exhaust gases impact the ozone layer (0O3)
¥ In the atmosphere, through different transport and mixing phenomena and depending
on the altitude, ozone-destroying chemical processes take place. If we add extra amounts of

NOXx to these chemical processes, the NOx cycle enhances catalytic ozone destruction *>.



The complex chemistry that leads to pollutant emissions in combustion can be estimated
using numerical calculated fields of temperature and chemical radical concentrations. The
NO formation rates in an aircraft based propulsion system as a function of gas composition
and temperature are usually formed through several mechanisms: thermal-NO, prompt-NO,
nitrous-oxide-NO and nitrogen dioxide-NO, NO from fuel bound nitrogen like coal and

derivates, and the NNH mechanism introduced by Bozzelli and Dean 3,

In this study, since we deal with a hydrogen-air non-premixed flame, the effects of
injection angles on the NOx emissions are considered and a reaction study regarding the
various NOx formation mechanisms is investigated for the configuration that yields the
higher combustion efficiency and lowest NOx concentration. In order to perform the
reaction study, a sensitivity analysis has been performed where separate simulations have
been run for only one configuration at fuel-rich conditions. The next step was to analyze and
explain the various reactions that have sensitivity in our mechanisms and special conditions
and validate them through other literature studies. Using this study we can have a better
understanding of the main mechanisms that generate NOx, that later can help devise

appropriate measures to control pollution emission.

2. Numerical

2.1.Problem formulation

With the increase in hardware power and software development in the recent years,
Computational Fluid Dynamics (CFD) codes have become popular and more complex
compared to yesterday’s codes. Hydrogen combustion in the afterburner was simulated

using PHOENICS v.2011 64 bit from CHAM ltd.



The objective of the analysis is to determine the effect of the angled injection on the
combustion and flame. This can help determine configurations that provide high combustion
efficiency, low heat loss and low NOx emissions. Although experiments are being performed

at the Kashiwa wind tunnel of the University of Tokyo by Nishida et al.>"*®

, achieving this
objective is proving to be a long process. Given the fact that the experimental process
involves high costs, CFD simulations are the alternative in augmenting, evaluating and
elucidating the experimental results. Experiments are carried for a 1:10 scale combustor
with one injector, so simulations need to follow the same model. However, because 3D
simulations involve a high computation time, a 3D simulation with periodic boundary

conditions was carried out for only one pair of injection holes. In this way, the same

experimental conditions could be used in the simulations.

The scope of the study is focused on the combustion efficiency thus a steady simulation
is more than sufficient. The mean Reynolds number value estimated from experiments and
used in the computational domain in higher than 5x10% and as a result the flow can be
considered turbulent. To account for the turbulence in the flow, a k — & turbulence model

has been used.

The code is based on three main elements — pre-processor, processor and post-processor.
The pre-processor stage consists of creation of geometry, mesh generation, material
properties and boundary conditions. The processor treats the transport equations (mass,
momentum, energy, other transport variables, equation of state and supporting physical
models) while taking into account the physical models (turbulence, combustion, radiation of
other processes) and the solver settings which might be the initial conditions, solution

control, monitoring solution and convergence criteria. The post-processor details the



measuring parameters and analytical modeling used. Before we have a look at the main

elements the equations base of the code will be detailed.
2.2.Governing equations

The governing equations solved in the present study are

dp N d(pu;)
at 0x;

=0 (1)

The chemical species are characterized by their mass fractions Y, for k = 1 to N is defined as

v, = % 2)
o= (
The conservation of species is given by:
o T (’)_xi[p(ui + Viei) Y] = doe 3)
The momentum equation
dpu;  Jd(puu;) 0Ty N dp
= Yifii Sy=—7"7—"+S, 4
ot T ax, %, +sz=1 ki + | Su ax, S

The energy equation

DT 9, aT
pCth+pa Zcpkykvkl = — (Aa—xl>+wT—|—ST (5)

2.3.Geometry and flow domain



The first step in the pre-processor stage is the modeling of the geometry of the
computational flow domain. To evaluate the combustion efficiency of the afterburner of the
PCTJ, a~ 1/10 scale combustor was fitted with one injector. To evaluate the different angles
of injection, different injectors (in experiments) with the same shape but different angles
were used. In Figure 1, the test section is shown, measuring 68 mm x 5 mm on the cross
section, with 10 mm walls on the inside. The test chamber was fitted with a ramp shaped

nozzle at the exhaust area and the total length measured 390 mm.

B Type thermocouple

390 .

10

Figure 1 Schematic of combustor

The strut injector, as shown in Figure 2, was of a rectangular shape with a rounded
face on the upstream side, measuring 27.25 mm x 9.5 mm with a height of 56.5 mm. Two
different diameter holes were used to simulate the fuel-lean and fuel-rich compositions.
Four ¢ = 1 mm in diameter injection holes were used for fuel-lean, and four ¢ = 2.5 mm in
diameter were used for fuel-rich configurations. The inlets were arranged in two rows on the
upper side and underside of the injector and the effect of different angles of injecting fuel

for each line was investigated.
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Figure 2 Schematic of injector

The injection holes were treated in pairs, the closest pair to the air inlet is named
upstream injection pair (holes) and the closest to the exhaust nozzle downstream injection
pair (holes) shown in Figure 2 right side. Upstream injection is fuel injection with at the angle
made by the upstream injection pair with the axisymmetric axis of the injector (Figure 2 right
side). Downstream injection is fuel injection at the angle made by the downstream injection

pair with the axisymmetric axis of the injector.

The concept of the afterburner chamber, employed in our experiments, introduces 6
injectors placed head down with the injection holes on the right and left side of the chamber
and not up and down as in our simulations and experiments. The experimental version of

3940 A schematic,

the afterburner chamber is based on a sub-scale engine introduced here
introduced by Sato et al.*}, is presented in Figure 3. Since experiments and numerical

simulations have been performed with a rotated chamber (Figure 4), a set of numerical
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simulations have been performed for the same scenario with the original chamber and the
configuration is found to have very little influence on the combustion phenomena involved.

Thus all other simulations and experiments are performed with a rotated chamber.

Injectors Cooling Wall Variable Ramp

Figure 3 Afterburner chamber of the PCTJ introduced by Sato et al.[41]

2.4.Initial and boundary conditions

The combustion of Hydrogen in air in a turbulent non-premixed diffusion flame has
important implications in which the boundary conditions must be prescribed. The second
step in the pre-processor stage is dealing with the specification of permissible conditions
that must be imposed on the flow and test combustor. In the case of inflow and outflow in
the combustor, air inlet and fuel inlets have been created to accommodate flow inflow and
an outlet to designate the outflow area. As can be seen in the Figure 4 below, the air inlet

was created at the left side and the flow outflow was created on the right side.
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In Figure 4-a, the red boundary represents the “slice” that is simulated. It measures 5
mm in width and 390 mm in length with 52 mm in height. Figure 4-b shows the fuel inlet
layout used in fuel-rich simulations. The diameter of the inlet circle is 2.5 mm. Figure 4-c
shows the ramp shaped nozzle and outlet used. Figure 4-d shows the fuel inlet layout used in
fuel-lean simulations. The diameter of the inlet circle is 1.0 mm. The air inlet covers 80% of
the area of inflow (max X and max Z) and has zero thickness on the Y axis. The air inlet
boundary conditions are set through a manual defined patch to integrate the CHEMKIN
interface fuel injection. The initial temperature of air flow is set with a value between 800 K
and 1050 K depending on the simulated case. The pressure is set as a fixed flux, the air
composition is set through mass ratios for 02 and N2 depending on the simulated
equivalence ratio i.e. air mass flow varied from 1.1097 - 1.3658 kg/s; the pressure of
injection is set through the density value of 1.067 kg/m3 which is 0.3 MPa. The velocity of

injection is set to 80 m/s.

_ D

Figure 4 Isometric schematic of chamber in 3D
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A summary of the boundary and initial conditions used is presented in table 1.
Airflow is considered to circulate in the chamber with a velocity of 80 m/s, and a standard

composition.

Table 1 Boundary conditions

Parameter Fuel inlets Air inlet
Temperature [K] 300 980
Density [kg/m?] 0.2406 1.067
Velocity [m/s] 800 80

Composition 0.1511 - 0.9447 [kg/s] 1.1097 - 1.3658 [kg/s]

Reynolds number ~8.3 x 10" ~3.5x 10"

The outlet boundary condition replicates the incoming fluid characteristics. The
reference temperature on the outside is 300 K, standard pressure is considered, velocity
calculated is in-cell, deduced on the inside, turbulence is in-cell deduced, and exit area is

considered maximum.

In order to correctly approximate the 3D experiments, performed using the injector
in Figure 2, only one pair of injection holes was simulated using periodic boundary
conditions on the ordinate axis. The sliced projection of the injector is presented in Figure 2
in between the blue lines. Since a 3D injector is equipped with 24 injection holes, adapting
the similar equivalence ratio into the boundary conditions projection, the area of the fuel
inlet is variable for fuel-lean and fuel-rich cases. As a result, the hydrogen or fuel inlets are
created as circles of zero thickness on the Z axis (vertical) and placed on top of the would-be

injection holes of the injector. They measure d = 1 mm in diameter for fuel-lean cases and
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d = 2.5 for fuel-rich cases. They are placed, on the upper side and lower side both on the
downstream and upstream of the injector. Fuel is injected with an angled velocity of 800 m/s.
The angles are obtained by injection on the vertical and horizontal axis and applying a
trigonometric function (sinus or cosinus) to obtain the inclined angle. A table of all the angle
velocities is shown below in table 2. The temperature of injection is set to 300 K, the

pressure of injection is set through the density of 0.2406 to 0.3 MPa, and the mass ratio
composition of the fuel is set through H2 injection depending on the equivalence ratio

simulated i.e. fuel mass flow varied between 0.1511 - 0.9447 kg/s.

The upper and lower side walls of the chamber, as well as the nozzle ramp and the
injector itself are considered solids, made of steel at 25°C. Isothermal conditions were
applied at the walls with a constant temperature of 980 K. The flow side walls follow
periodic boundary conditions for all slabs. The walls are fitted with no-slip conditions, with

standard roughness and equilibrium logarithmic wall functions.
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Table 2 Velocity values for angled injection

Angle |V =V, [m/s] | W =V, [m/s]
10° 787.84 138.91
15° 772.74 207.05
20° 751.75 273.61
25° 725.04 338.09
30° 692.82 400
35° 655.32 458.86
40° 612.83 514.23
45° 565.68 565.68
50° 514.23 612.83
55° 458.86 655.32
60° 400 692.82
65° 338.09 725.04
70° 273.61 751.75
75° 207.05 772.74
80° 138.91 787.84
85° 69.72 796.95
90° 0 800
95° -69.72 796.95
100° -138.91 787.84
105° -207.05 772.74
110° -273.61 751.75
115° -338.09 725.04
120° -400 692.82
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2.5. Mesh details

The mesh in our study is made up of 6-sided staggered, hexahedral volume control cells.
The scalars are stored at the center points of six-sided cells with values supposed to be
typical for the whole cells, and the vectors are stores at the center points of the six cell faces.
The geometry was discretized into 1.28 x 10° finite volume cells in a structured manner
(Figure 5). The cells on the Y axis (axial flow axis) are 800. The cells on the Z axis (vertical axis
in Figure 5) are 80. The cells on the X axis number 20. The cells were finer near the walls, the

injector and towards the center of the combustor. Elsewhere, the cells were coarser.

Figure 5 Schematic of reduced grid arrangement

2.6.The turbulence model

Many combustion flow problems revolve around chemical kinetics, turbulence modeling
and heat conduction, making it a very complex flow process. During our research study both
unsteady and steady simulations have been performed. The chemical interactions taking

place in the combustion of hydrogen in air were calculated using the CHEMKIN Il sub-routine

42,43

supplied by Sandia National Laboratories . The chemical reaction mechanism used in this

simulation involved 188 elementary reactions and 28 chemical compounds introduced by

Konnov et al.**

. The mechanism is presented in Appendix 1. The hydrogen-air chemical
kinetics can be described rather easily and the reaction paths and rate coefficients are well
understood to allow the use of the mechanism without much difficulty in a wide range of

cases **®, The detailed NO chemical reaction system has been selected to provide a detail
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understanding of the NOx emission in the combustion process. The insertion of the reaction
mechanism had to be done manually (manual programming through Phoenics Input
Language (PIL)) by which we mean definition of each species in the code separate from the
reaction mechanism in CHEMIN format, setting the numbering of each variable, and finally
providing appropriate transport and reaction coefficients. Afterwards, using the built-in

CHEMKIN interpreter, the variables are assigned their own numbers and memory allocation.

Three primary tools of using CFD simulations are available for fluid flows to account for
turbulence: direct numerical simulations (DNS), large-eddy simulations (LES) and Reynolds-
or Favre-Averaged Navier-Stokes (RANS) simulations. Each technique has its specific uses as
well as assumptions and thus posing different advantages and disadvantages *"***°. DNS has
prohibitive costs in terms of hardware and time requirements and so is limited to simplified
combustor models. Even with the present day computing power we are still far off in the
requirements to perform a DNS of the time dependent Navier Stokes equations of fully
turbulent flows at high Reynolds numbers. As an example for a typical 2D domain of 0.1 m x
0.1 m with a high Reynolds number flow, might contain vortices down to 10 to 100 um in
size °°. As a result, in order to describe this flow properly a mesh comprised of up to 10" grid
nodes would be required and this only for a Steady state flow. If we mean to factor in the
unsteady derivatives, and considering that some of the fastest events can happen around 10

kHz, the time step would need to be in the order of 100 us.

LES is the alternative to offer computational time savings however sub-routines or filters
to correctly approximate the non-premixed or premixed chemical reacting flows are scarce

47,49,51

or not available . LES involves solution of the 3D time-dependent N-S equations by

doing direct simulation of the large-scale motion and by using a sub-grid-scale (SGS) model
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for turbulence of scales smaller that the computational grid spacing. The advantage of LES is
its ability to correctly approximate large vortices which are hard to model in a universal way,
by simulating them directly. However the application of LES to practical flows has been
limited because of prohibitive expense in both computational time and power at high
Reynolds numbers, by the difficulties in specifying correct initial and boundary conditions
and by the need to perform 3D time-dependent simulations, even if the flow is 2D and
statistically stationary. Another disadvantage is that LES is largely used in non-reactive flows
and its application to combustion modeling especially complex chemical reacting flows is still

in its incipient stage 8

As most experiments have proved *’ that the majority of the engineering flows is within
Prandtl numbers of unity (Pr < 1 available for liquid metals where the thermal boundary
layer far exceeds the velocity boundary layer and Pr > 1 available for water and oils where
the velocity boundary layer far exceeds the thermal boundary layer) it is possible to apply
the similar transport equations to accommodate k, the turbulent energy and ¢, the

dissipation of turbulent energy.

The k — & turbulence model is one of the most widely used and validated turbulence
models around. However despite the many advantages it provides it also has a series of
moderate disagreements when predicting unconfined flows or weak-shear layers with or
without mixing —layers separated flows. The difficulties can be overcome by making
adjustments to the model constants and thus customizing its robustness for each particular

simulated case.
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To represent the turbulence equations for the k — € model:

Ok [ Ur _OK) [P = P+ Gy) — ] 6
Pae ™ Pax " T Pr(i) ox, STt ©
e Ur
p at + ax; [ui Pr(e) dx; ] P (Celpk + Ce3Gp — Cez8) (7)

Since in the present simulation the gravity forces effect is not considered,
Gp, =0 (8)

It is possible, in principle like mentioned above to simulate any turbulent flow by
solving the above equations and that is categorized as a Direct Numerical Simulation (DNS),
but in practice it is rarely done®. But since we are not concerned so far with all the details of
the turbulent mention but rather with its effects on the gross properties of the flow, there is

no need to solve the instantaneous variables if averaged variables are all that is required.

The over dissipative nature of the k — &€ model is somewhat corrected in the Chen
and Kim’s turbulence model. This variant of the standard two layer model uses slightly

different constants and introduces an additional source term into the € equation defined as

—pC., - P?
5e =tk )
The final form of the k — € Chen and Kim’s turbulence model designated KECHNEN is:
ak Up
P, — 10
vy Oe £ Cey - P?
———|=p—| Ce1 Py — Cere — 11
b 6t ax; [ " Pr(e) ox; k< el ™ be2® T 1
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With the kinematic viscosity and the length scale L, defined as:

kZ k3/2
Ur = C#Cd ?, Ls = CdT (12)

This variant of the standard k — &€ model uses different slightly different constants:
C, = 0.5478, Cy = 0.1643, Pr(k) = 0.75, Pr(e) = 1.15 (13)
Cs1 = 1.15, Cer = 1.90, Cez = 1.0, Cep = 0.25 (14)

The advantages of this version of the model are further detailed here **3 but suffice to
say it has a good prediction of separation and reattachments points as well as for vortices
and on top of that it preserves good behavior for jets and plumes compared with the

standard model.
2.7.The Chemkin interface

The CHEMKIN interface is built into the PHOENICS code, which includes the
implementation of the TRANLIB and TRANS databases. Though a *.ckm file, (Chemkin
format) the chemical reaction system is interpreted and integrated into the code solver™.

The viscosity, diffusion coefficients and heat conduction of gases are defined as:

5 T[mkkBT

M =16 o022 (19)
3 V2mk3T (my + my)/my /m, (16)
12 — 5/
16 pr(0.5(a; + 02))29(2'2)
205
Ak = M_k (ftranscvtrans + frotcvrot + fvib vaib) (17)
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2.8.Solver algorithm

PHOENICS adopts the finite volume method as the standard solution technique. This
means that the code solves sets of algebraic equations which represent the consequences of
integrating the differential equations over the finite volume of a computational cell and (for
transient problems) over a finite time; and approximating the resulting volume, area and

time averages by way of interpolation assumptions.

All the simulations performed with the PHOENICS have been made using the HYBRID
version of the UPWIND side of the cell. The HYBRID discretization scheme is a combination
of UDS (Upwind Discretization Scheme) and CDS (Central-Differencing Scheme). Figure 6

presents a cell diagram for an UPWIND discretization scheme.

¢ = ¢w — when flow moves fromW — P (18)
¢, = ¢p = when flow moves fromP - W (19)

Figure 6 Cell diagram for discretization schemes

When the Peclet number (the normal to the face velocity X and the inter-node
distance divided by diffusivity) is below 2.0, the simple first order UDS is used, where the Pe

number is defined as:

Ah-V
Pe =Re-Pr = for thermal dif fusion (20)
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Ah-V
Pe = Re-Sc = D for mass dif fusion (21)

m

The general form of the discretization result > is given by:

b0 = bw+ 1/ B (w — bs) (22)

Where B is the flux limiter and has the form:

(¢p — dw)
= = — 2
BT = G0 =69 (23)
Thus the HYBRID scheme can be written as:
When Pe < 2,- B = 0,then ¢, = Py (24)
WhenPe>2,- B =P =) o, = ¢, + 22— %w) (25)

(pw — Ps)’ 2

The disadvantages presented by this scheme are related to the flow direction. In a
typical 2D flow, when the flow is diagonal to the grid, cell P receives fluid from both the
West and the South cells, and so takes up an intermediate value. This intermediate value is

then passed on to cell N and so on.

The result is that physically-present discontinuities become “smeared” by the
numerical procedure. Many remedies have been proposed for reducing the magnitude of

this effect, which for obvious reasons is called “numerical diffusion” or “false diffusion”.

n56

Some, such as Raithby’s “skew-upwind scheme”>", address directly the influence of the

diagonality of the flow. Other authors have sought to find formulae for cell-face values in
simpler ways, involving only the resulting value of the variable ( ¢») on either side of the face,

55,57

or one still farther upstream. More details on other schemes can be found here . Unless
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otherwise specified the simulations have been performed using the HYBRID discretization

scheme.

Its use implies that:

1.

In time dependent terms, all fluid properties are presumed to be independent of
position within a cell, so that the integral over the cell volume of d(7; - p; - F;)/dt is

replaced by:

(ry - pi - Fy - AV),new — (r; - p; - Fy - AV), 0ld
t,new — t,old

(26)

In convection terms, all fluid properties are uniform over cell faces; further the “new”
(end of time interval) values are supposed to prevail throughout the time interval;
and, except in respect of the velocities for which the face-center values are stored,
the values prevailing at the cell face are those at the nearest grid node on the
“upwind” side of the face.

In terms representing diffusion (and heat conduction and viscous action), the
property gradients and the transport properties which they multiply are uniform over
cell faces; further the “new-time” values in a time-dependent calculation are
supposed to prevail throughout the time interval.

In terms representing sources, the nodal values are supposed to prevail over the
whole of the cell volume, and the “new-time” values (the late-time ones) are

supposed to prevail over the whole of the time interval.

The diffusion fluxes are taken to be the product of the cell-to-cell difference in the flux

values and the cell-face area, divided by the resistance to diffusion represented by the

integral over the distance between the cell centers of (distance increment) /
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(exchange coef ficient). Thus for the simplest case of brick-shaped cells, and single-phase

flow, the diffusion flux of variable ¢p from cell P to cell E is computed.

This discretization scheme is built toward guaranteeing correct linkage between the
pressure and velocity, which predominantly account for the mass conservation within the

flow domain.

For a simulation the solutions to the conservation equations governing the fluid flow are
complicated by the lack of an independent equation for pressure. For a simple case of 3D
flow and in an adiabatic domain, four variables need to be solved using the RANS
equations: u, v, w and p. For such a case the continuity equation is kinematically linked to
the velocity field rather than to a given equation. In order to link the pressure with the
velocity for an incompressible flow, one possible way introduced by Patankar and Spalding

(1972) is to construct a pressure field to ensure the conservation of the continuity equation.

This algorithm named Semi-Implicit Method for Pressure-Linkage Equations or SIMPLE is
one of the most popular pressure-velocity linking scheme for incompressible flow. In its
simple form the SIMPLE algorithm is a guess-and-correct method for calculation of pressure
throughout the pressure correction equation. When the governing equations are coupled
with the energy conservation and other turbulent quantities conservation the calculation

will be performed sequentially since it is an iterative method.

The current solution algorithm is the steady version of SIMPLEST *®. SIMPLE ShorTened is
the SIMPLE algorithm with a few modifications. The momentum and continuity equations
are linked in so far as the transport equations share the pressure and the velocity, via the

density in compressible flows. There steps followed by the algorithm are presented here .
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The SIMPLEST algorithm follows the same 7 steps; however it modifies the way in
which the momentum is defined by way of the du / dp ratio. The modifications are related

on how the convective and diffusive influences are treated.

The influences of the velocity at the main node P i.e. up, are presented as

ap"Up = ay Uy + ag - Us + ap " Ug + ay - uy + etc. (27)

where the ay, as, ag, ay, etc. are the coefficients representing both the convection and
diffusion in the flow. However due to the major differences between the phenomena,
wherein the diffusive influences are reciprocal while the other are just “one-way”, the

SIMPLEST algorithm splits the coefficients into two parts:

ap = ¢ + dk (28)

where ¢ is the convection coefficient of node k and dis the diffusion coefficient of node k.

This separation allow the terms in the finite-volume equation to be represented as

ap'up:CN'uN+dN'uN+Cs'us+ds'us+etC. (29)

Once the terms are separated, the next step is to separate the convective terms from

the diffusion terms in the momentum balance where they are treated as known constants.

ap-up = dy-uy + dg - ug + etc. +{cy - uy + cs - ug + etc. +sources} (30)

These artificial modifications produce convergence much smoothly than the SIMPLE

algorithm with less under-relaxation factors™.

Each time, through the SIMPLEST loop, ap and b" are updated with the newest

information about the u, v and p fields.
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Before solving

ag - up = b* (31)
A residual is computed with the following formula:

r“=b% —ap-up (32)

If r* is small, then the old u is a good approximation to the system of equations defined by
the newly updated coefficients in ap and b*. Similarly, for all other dimensions r*k are
residual vectors. To check convergence, we need to look at a scalar value. Let o be a

normalized scalar value of the residual.

il G3)

| | Turef | |

The values of 1y, .. are chosen so that o~1 on the first iteration.

Convergence was considered when the source balance had values smaller than 1%, the
reference residual was lower than 10 and the solution error for each parameter was

satisfied to 1073,
2.9.Chemical heat release

To evaluate the combustion efficiency of each configuration we used two approaches. In

determining the efficiency we evaluated several parameters: the chemical heat release **, is

60

investigated near the injection zone. The heat loss at the walls ° was evaluated for the

entire chamber. In order to compare the numerical results and experimental data, values
'S 38

from the nozzle were used, described in Nishida et al. work.

The chemical reaction heat is given by
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N
Q= Z (g - My, 'Ah](‘),k)
k=1
2.10. Heat loss

Heat loss at the wall is given by

Q —1-A (Tnearwa” - Twall)
loss/cell Ah/2

The thermal conductivity is given by Hedberg et al. >*

The total heat loss in the chamber is given by

2.11. Combustion efficiency

In order to compare the numerical results and experimental data, the numerical

(34)

(35)

(36)

combustion efficiency is evaluated using two approaches and evaluated a configuration by

stor .
'
|

Figure 7 Experimental model afterburner combustor introduced by

Nishida et al.>®
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using the values of the combustion efficiency near the nozzle, in the same way as Nishida et
al. **®1 In experiments the exhaust temperature, used in the calculation of the combustion

efficiency, is considered the spot value recorded by the thermocouple near the nozzle, seen

in Figure 7.

The thermocouple is placed at 300 mm from the air inlet. To have a similar value, in
the numerical results, the temperature values used were the averaged value obtained from
the plane of the temperature field at the same spatial coordinate from the nozzle as the

thermocouple is, as shown in Figure 7.

The combustion efficiency using the first approach is expressed as:

Quc

B Qtn (37)

Na

where Q,. = H,, — H;, is the difference between the exit enthalpy of the combustor, and
entrance enthalpy. The enthalpy at the exit depends on the temperature through the
enthalpy of the burned gases, while the entrance enthalpy is depended on the inlet
temperature. The numerical combustion efficiency at the nozzle used for comparison

purposes introduced by Nishida et al.*® is defined as

Nnozzie = % (38)
th

The entrance enthalpy and exit enthalpy are calculated as

HiTl = YOZHOZ(Tair) + YNZHNZ(Tair) + YHZiTlHHZ (THZ) (39)
NC

Hex = ) Vil (Tey) (40)
k=1
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The comparison nozzle combustion efficiency uses different estimations of the inlet

and exit enthalpies. The forms are:
Hyozzte in = MawrHair (Tair) + MuzHyz (Thz) (41)
Hyozz1e_ex = MyzHyz (Tex) + Mpzo Huzo (Tex) + MyzexHyz (Tex) + MozexHoz (Tex)
+Mpr Hpr (Tex) + Meo2Heoz (Tex) (42)

The respective enthalpies were calculated using the CHEMKIN thermodynamic data

62,63

in the form used in the NASA chemical equilibrium code™ . The enthalpy is expressed as a

6-coefficient - power series in T (in Kelvin) detailed in the CHEMKIN manual *, as

H,(T) T T2 T3 T*  ag
RT, - G t Qs Qg + Qe+ Asks (43)

The mass flow rates used in the nozzle combustion efficiency formula are given by

my, = 0.769 - my,, (44)
: 18 :
Mpyzo0 = § -0.231 - Marr (4‘5)
. . 0.231
Mpyzex = My — Tmalr (46)
Mozex = 0.23142 - Mgy — 8 Mpyp (47)
my, = 1.29 -my,, (48)

The theoretical heat release is given by:

Qth = Mpyrn * qu2 (49)
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The energy density of hydrogen is very high (1kg of hydrogen contains 132.5 MJ,
which is 2.5x more than that in 1kg of natural gas), being one of the reasons why hydrogen is
the preferred fuel ®*. The energy content of hydrogen is given by the gravimetric LHV which

is 120.0 MJ /kg ®.

My, for fuel — lean combustion
Mpyrn = 0.231 (50)
—5 Myir for fuel —rich combustion

The second approach used to determine the combustion efficiency is using the ratio

between the chemical heat release and the theoretical heat release of hydrogen.

The (B) approach of the combustion efficiency is given by:

Q

" Qmn

U (51)

Another measuring parameter that is used throughout the discussion part is the local
equivalence ratio that is introduced as the ratio between the amounts of fuel present in the

area in relation to the oxidant in the area. The local equivalence ratio is defined as:

YH 2

l=—"
(Yoz + Yn2)

(52)

2.12. NOx study

NOx emissions from combustion are primarily in the form of NO and NO2. Due to the
fact that NO is largely anthropogenic (i.e. generated by human activity)66, stricter control is
necessary to diminish the effects on the environment. NO produces a blocking effect on the
human body to absorb oxygen, similar to CO radicals, however because NO is slightly soluble

in water, it poses more dangers to the environment than to humans (excepting infants or

31



very sensitive individuals)**>. NO in the atmosphere can react to deplete or enhance ozone
concentrations. NO2 reacts in the atmosphere to form ozone (03), through ionizing energy
coming from the sun, and acid rain. While the stratospheric ozone layer, found in the upper
atmosphere that we cannot breathe, is what protects us and the troposphere from the
dangerous levels of ionizing radiation coming from the sun, tropospheric ozone, the ozone in
the ambient air that we breathe, is a significant part of air pollution through smog. As a
result, NOx are considered ozone depleting substances which react with O2 in both the
troposphere (i.e. below 3 km above sea level) and in the stratosphere (i.e. 15 to 45 km). NOx
resulting from the combustion of aviation fuels have a greater impact on our ozone layer
(03) than on the greenhouse gas (C02)**. If we add extra amounts of NOx to this chemical

process, the NOx cycle enhances the catalytic ozone destruction®’.

In order to control the NOx formation, a thorough understanding of the chemical
reactions and subsequent reaction mechanisms is necessary. Before a reaction study of the
NO is undertaken, a simple analysis of the resulting NOx in the exhaust gas has to be
performed. To achieve this, we measured the NOx emission index at the exit of the
combustor. The emission index for NO, NO2 and NOx is calculated at the nozzle of the

combustor. The formula used is:

EINO, = (53)

2 Pno, " AUk Yoo, l Ino l
Th’HZ

kgfuel
After the trend of the NOx, plotted for different angle configurations, is investigated

a study of the formation routes is performed. The widely validated formation mechanisms

include (1) Thermal NO introduced by Zel’dovich 68 (2) prompt NO or Fenimore NO, which

account for the NO produced at the flame front 9. (3) the N20 mechanism, when additional
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NO is generated via the nitric dioxide compound ’%; (4) NO produced from fuel-bound-

nitrogen®; and (5) the NO2 route. Another mechanism has come into attention as of late,

71 72
l. l.

and according to Bozzelli et al. "~ and Miller et al.”*, significant amounts of NO2 can be
produced due to conversion of NO in low-temperature mixing regions of non-premixed
systems. The formation of NO via the (6) NNH path, has recently been under

37% and has been found that NO production is favored by this mechanism in

investigation
different cases like flame fronts where relatively high concentrations of 02 and H2 can be

found.

A formation mechanism is usually given as a set of reversible reactions where the
reaction rates are represented by the forward reaction rates, while thermodynamic data are
used to calculate the reaction rate coefficients for the reverse reaction. The current reaction
mechanism accounts for the hydrogen-oxygen reactions and detailed H-N-O reactions. The
hydrogen-oxygen reactions shall not be discussed here in detail, since there are
comprehensive reviews found in literature, on the elementary reactions and rate

467576 The reaction mechanism used in our simulations accounts

coefficients of this system.
for 188 reactions, with 28 chemical species. The H, /0O, mechanism comprises of 23
reversible reactions while the rest account for the various formation mechanism of NO
introduced by Konnov et al. *.
The widely validated mechanisms are detailed in the following section.
(1) In the combustion of clean fuel (non-nitrogen based) with air as the oxidizer, NO is
formed using the Zel’dovich mechanism. According to the Zel’dovich equations, NO is
formed at temperatures above 1500 K. At lower temperatures, NO is generated

through other mechanisms, the Zel’dovich mechanism participating only slightly or

not at all. NO produced through this mechanism is generated as a function of the
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equivalence ratio and is more pronounced on the fuel-lean side of the stoichiometric

mixture ’’. This mechanism is comprised of 3 main reactions: R25, R26 and R100.

N2+0=NO+N (R25)
N+02=N0+0 (R26)
N+OH=NO+H (R100)

The Zel’dovich mechanism is known as the thermal mechanism due to the large
activation energy given by R25, which make it sufficiently fast only at high temperatures.
Due to the low rate constant of R25, it is also considered a rate-determining step.

(2) Prompt NO or Fenimore NO are the NO formed in hydrocarbon flames by a rapid
reaction of hydrocarbon radicals with molecular nitrogen which lead to the formation
of amines and hydrocyanic acid (HCN) which later reacts to form NO. These NO are
formed much earlier than thermal NO, thus the name prompt NO.

According to Miller and Bowman 78 at low temperatures when T < 2000 K, depending on
the fuel, NO formation is dominated by the prompt NO formation channel but as the
temperature increases, the thermal NO channel becomes the dominant channel. Taking into
account that the fuel used in our simulations has been hydrogen and the reaction
mechanism does not account the C element, the prompt-NO formation mechanism, is not
investigated here.

(3) The N20 mechanism form when oxygen atoms attack N2 atomes. It is mainly formed
at fuel-lean conditions when the CH radical forming the base of prompt-NO is
suppressed, and due to low temperatures, so is the thermal-NO mechanism. This
leaves the NOx formation to come from the N20 channel. N20 is also a precursor in
flames.

The cannel is formed by the three-molecule reaction
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N,+0+M=N,0+M (R29)
Due to the nature of reaction 29, it is assumed™** that reaction 29 is a rate-limiting step in the
nitrous-oxide channel and the bulk of the NO is given by the fast reaction if N20

consumption as well as the reactions in which oxygen and hydrogen effectively convert it

into NO
N20+0 =N2+ 02 (R30)
N20+0 =NO + NO (R31)
N20 +H = NO + NH (R101)
NH + NO = N20 +H (R102)

The main source of N20 is given by reaction 102 especially for rich mixtures® "2pter 2:16:3,

The N20 from this reaction quickly reacts with hydrogen in R102. At the same time the

removal of N20 is enabled by R102 in fuel-lean flames.

(4) NO from fuel bound nitrogen is one of the main products from coal and coal-derived

fuels. It is mainly the oxidation of HCN and NH3. Since the fuel at scope is not coal-

derived, or C-based, this mechanism is not presented.

(5) The NO formed via the NO2 route, is found near flame zones. The reactions involved

in this formation are

NO + HO2 = NO2 + OH (R111)
NO2 +H = NO + OH (R110)
NO2 + 0 = NO + 02 (R35)

The main source of NO coming from the NO2 route is given by R111 when significant
HO2 molecules are found to react with NO in high-temperature region and later transported

by diffusion to low-temperature regions. The HO2 molecule is very sensitive to the addition

and removal introduced by R8
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H+02+M=H02+M (R8)
Through molecular diffusion, H atoms resulting from R8, are transported to high-
temperature regions of the flame and later converted into HO2 — N20 — NO (R8 - R111 —
R110)1 ch2.164
(6) The NNH NO formation mechanism is controlled by NNH, a highly transient and
unstable molecule formed in R68
NNH = N2+ H (R68)
Studies performed by Bozzelli et al. "t and Miller et al.” point later to an oxidizing step that
leads to NO in R165
O+ NNH =NH + NO (R165)
To determine the effect of reactions on the current combustion process, the reaction
rate of each reaction has been multiplied by a factor of 10 and the resulting NO, NO2 and
NOx have been determined. The obtained NOx values have then been normalized by the
NOx obtained with the standard reaction mechanism at the same conditions. The resulting

sensitivity index represents the effect of each reaction on the combustion process.

3. Experimental

Following experiments initiated by Taguchi et al.? and then followed by Nishida et al.>"*,
in the course of 2008-2012, flame ignition, temperature and flame shape have been
identified. Based on theoretical studies done by Taguchi et al.8, the in-flight equivalence
ratio of the mixtures, in the combustors of the engine i.e. turbojet combustor and
afterburner chamber, varied from fuel-lean (0.6) to a fuel-rich regime (2.0), depending on
different flight scenarios. The PCTJ was formally designed to maximize the payload of a TSTO

craft’ and as a result experiments were carried out to investigate the fundamental behavior
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of combustion and pollutant emission in the afterburner chamber of the PCTJ. Thereby the
effect of different angles of injection was investigated for equivalence ratios from lean (0.13)
to rich (4.0) mixtures. These results are briefly presented in the next chapter. Consequently,
from these results we have learned that the flame shape is very different for fuel-lean
combustion cases and fuel-rich combustion. The difference in shape has been assumed as a
result of the experiments as a consequence of a temperature difference in the flame
distribution between the injector area of and the area of the nozzle exit. To validate this
theory, a second series of experiments have been carried to measure the temperature near

the injector and close to the nozzle.

3.1. Apparatus

To evaluate the temperature gap, a 1:10 scale combustor of the original design, was
fitted with one injector. The combustor was placed in the hypersonic and high enthalpy wind
tunnel of the University of Tokyo in Kashiwa campus, Kashiwa, Japan. Figure 8 presents the
experimental apparatus used. One gas cylinder provided gas hydrogen and the wind tunnel
provided the air. A gas cylinder of N, was used to purge remaining combustion products
from the chamber. Flame temperature was recorded through two thermocouples placed in

the combustor shown in Figure 9.
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Figure 8 Schematic of the experimental apparatus

In Figure 9, the test section is shown, measuring 68 mm x 52 mm on the cross section,
with 10 mm walls on the inside. The test chamber was fitted with a ramp shaped nozzle at
the exhaust area and the total length measured 390 mm. The walls were made of stainless
steel (SUS304) on the outside, with heat-resistant cement (AGC Co. Ltd. - LC-17U) on the
inside. They were fitted with an injector made of stainless steel (SUS304), three B type
thermocouples (THERMOTEX Co. Ltd., 4 mm in diameter) at the entrance, at 130 mm from
the inlet and near the nozzle (at 300 mm from the inlet) shown in Figure 9, and static
pressure transducers (TEAC, TP-AR series). The exhaust nozzle was made of carbon/carbon

(C/C) composite to support the high temperatures expected.
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BD 130mm O 300 mm 0 /

Figure 9 Schematic of the combustor using two thermocouples

The strut injector, as shown in Figure 2, was of a rectangular shape with a rounded
face on the upstream side, measuring 27.25 mm x 9.5 mm with a height of 56.5 mm.
Twenty-four, d = 1 mm in diameter injection holes were arranged in two parallel lines and

the effect of different angles of injecting fuel for each line was investigated.

In previous experiments performed with a sub-scale engine by Taguchi et al. 2, liquid
hydrogen supplied to the pre-cooler and afterburner walls was burned in the afterburner. As
the nozzle and the afterburner are exposed to combustion gases at temperatures above
2000 K, liquid hydrogen was supplied to the afterburner walls. After the fuel absorbed the
heat of both the pre-cooler and afterburner walls, its temperature stabilized around 350 K.
At this temperature gaseous hydrogen was then supplied to the afterburner injector. In our

experiments, the gaseous hydrogen injection temperature was fixed at 300 K.

The thermodynamic conditions of the air flow entering the test section were set as the
calculated conditions coming from the turbine stage under a Mach 5 flight condition in an
actual PCTJ engine 879 . air at an atmospheric pressure of 0.3 MPa with a temperature of 980
K. The air velocity coming from the turbine stage is assumed to be around 80 m/s so the
same value was kept. The hydrogen was injected with a pressure of 0.3 MPa at a
temperature of 300 K with a velocity of 800 m/s. Air composition is considered 21% 02 and
79% N2. The mass flow values of air varied between 0.083 and 0.23 kg/s and the fuel mass

flow varied between 0.71 to 5.19 g/s.
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3.2. Method and Measurement

To determine the combustion temperature, the injector was inserted into the test
section and while airflow was circulated in the chamber, fuel was injected in the chamber
through the injection holes and the temperature and pressure of the combustion were
recorded. Hot air provided by a heater with heated pebbles was circulated in the tunnel
through the test section and, after the flow rate was stabilized, around 30 seconds, gas
hydrogen was injected in the hot air and burnt for 6 seconds. The heater produced high-
temperature gas through the heat exchange between the air and pre-heated pebbles. The
high temperature (980 K) coupled with the high velocity of gas hydrogen injection (800 m/s)
combusted the mixture without the need of an external igniter. Hydrogen fuel supply was
controlled by a set of two independent pneumatic valves. After the measurements were
ended, the remaining hydrogen in the test section was purged by nitrogen gas. The
parameter in the different experiment sessions was the fuel-to-air equivalence ratio varying
the fuel mass flow and air mass flow rate, and the initial temperature of the airflow.
Hydrogen flow rate was measured by the flow meter of the control valve and the pressure
difference between the two sensors upstream and downstream of the control valve.
Pressure in the test section was measured using pressure transducers and temperature
using three B-type thermocouples (THERMOTEX Co. Ltd., 4 mm in diameter) inside the
combustor and at the entrance of the combustor for the airflow as seen in Figure 8 and
Figure 9. All measurements were recorded in a computer system via amplifiers (KYOWA —
Instrumentation amplifiers) and converters (KYOWA - DC converters). A full list of sensors

and amplifiers is presented in table 3.
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Table 3 Amplifiers and sensors used in the experiments

Measurement items Sensor Amplifier
Combustion pressure TEAC 500kPa KYOWA - Instrumentation Amplifier
DPM 305A
Hydrogen mass flow, TEAC 2MPa KYOWA - Instrumentation Amplifier
upstream control valve DPM 305A
pressure
Hydrogen injection TEAC 2MPa KYOWA - Instrumentation Amplifier
pressure DPM 911B
Hydrogen mass flow, 1MPa pressure gauge KYOWA - Instrumentation Amplifier
differential pressure DPM 911B

Combustion temperature

Thermotex Co. Ltd B type
thermocouple

KYOWA - DC Amplifier DA 710A
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4. Results and discussion

4.1.Flame comparison

Following previous experiments performed on the afterburner chamber of the PCTJ,

simulations have been performed to help investigate the combustion process.

The experimental data is available for different airflow and fuel flow rates, at different
inlet temperatures. Given the fact that experiments have been performed with a fully sized
injector with 24 injection holes, performing a similar CFD simulation would have taken a lot
of computation time. For the purpose of similarity, in our numerical simulations, the injector
simulated is only a “slice” of the actual injector with a total of 4 injection holes and periodic
boundary conditions on the left and right side of the injector. The slice is presented in Figure
10. Using periodic boundary conditions we have been able to simulate the effect of only one
pair of injection holes on the combustion process. With this simplification, the equivalence
ratio of the numerical simulations had a different form. The equivalence ratio introduced in

experiments is presented in the following formulas

()
M s

(m_ém)
mf ac

Given that the (m;m/rhf)stdoes not change, the actual equivalence ratio presented in

® = (54)

eq. 58 as the denominator is (m;m/mf)ac where the mass flow rate is given by:

m=p-u-4 (55)
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In experiments and simulations we have kept the same density and injection velocity for
both air and fuel, values presented in table 1. However since the experimental injector has

24 injection holes with a diameter of 1 mm, the area used for injection of fuel is given by:

A = 24 -7+ R? = 18.8495 mm? (56)

€Xfuel

With the area used for air inlet as:
Aexair = 32-48 = 1536 mm? (57)

The area used in our periodic-condition simulations, using the same fuel injection-hole

diameteri.e.d = 1 mm, is evaluated as:
ACFDfuel =4-m-R? = 3.1415 mm? (58)
With the air injection area given by the small slice width of L = 5 mm as:
Acpp,;, =32:5=160 mm? (59)

Thus an equivalence ratio of 2.0 in experiments is equivalent with a numerical equivalence
ratio of 3.2079, at the same densities and injection velocities. As a result we see an

equivalence factor of 1.60 between experiments and numerical simulations.

To compare experimental results with simulations in term of equivalence ratios, we had
a variation of only hydrogen mass flow rate for each of the configurations used in the
experiments. The air mass flow rate remained unchanged for the same airflow inlet
temperature. For our discussion in the first part we re-created all the experimental
conditions at the equivalence factor and for the angle effects performance, we chose a fixed

equivalence ratio and varied only the angles of injection.
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Figure 10 Schematic of Injector "slice" used in numerical simulations

Figure 11 shows a fuel-lean combustion case. The configuration shown is 60°x45° at an
experimental equivalence ratio of 0.57, air inlet temperature 806 K. The upper part of Figure
11 represents emissions from the combustion gas approximately 1.5 seconds after ignition
when the flame has stabilized; the lower part represents a distribution field of temperature
for a steady state simulation. The numerical equivalence ratio, having kept the same
conditions as in the experiments is 0.35. Two separate flame fronts are observed. This is
easily understandable since the amount of fuel injected is scarce and is quickly consumed
near the injector and around its sides. The fuel flow injected through the upper side and the

lower sides do not meet and the overall temperature is highest around the injector and
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lower near the nozzle. Our numerical results are found in good quantitative agreement with

the experimental results.

Temperature, K
1528.603
1453.170
1377.738
1302.305
1226.872
1151.440
1076.007
1000.574
925.1415
849.7089
774.2761
698.8434
623.4108
547.9781
472.5454

397.1127
321.6800

Figure 11 Fuel-lean (¢., = 0.57) combustion for 60°x45°, air inlet temperature 806 K;
upper side emission from combustion gas motion picture at 1.5 seconds and lower side
temperature distribution field at steady state conditions at ¢.rp = 0.35

Figure 12 shows a 45°x60° configuration in fuel-rich combustion. The experimental
equivalence ratio was 3.28, air inlet temperature 850 K, and the numerical equivalence ratio
was 2.05. The upper part of Figure 12 represents emissions from the combustion gas
approximately 1.0 second after ignition. The lower part of Figure 12 represents the

distribution field of temperature, for a steady state calculation, at the similar conditions. The

Temperature, [
2227.999
2107.508
1987.017
1866.526
1746.035
1625.544
1505.053
1384.562
1264.070
1143.579
1023.088
902.5972
782.1061
661.6150
541.1240
420.6329
300.1418

Figure 12 Fuel-rich (¢ = 3.28) combustion for 45°x60°, air inlet temperature 850 K;
upper side emission from combustion gas motion picture at 1.0 seconds and lower side
temperature distribution field at ¢p = 2. 05 and steady state conditions

flame was made up of one fully developed structure. When combustion took place, the

flame encompassed the full injector, creating boundary layers around it. Having excess
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hydrogen, the mixture is diffused quickly around the injector and downstream towards the

nozzle.

4.2.Simulation results compared with experimental data

Table 4 presents a wide range of experimental results and the simulations performed at
similar conditions. For a fuel-rich configuration (for equivalence ratios of 2.0 to 3.2 ) there is
a lot of experimental data available for different initial parameters like different air mass
flows, fuel mass flows and initial temperatures®. The air inlet temperature varied between
800 K and 1050 K. Air mass flow varied between 0.04 and 0.12 kg/s. Fuel mass flow varied
between 4.0 and 8.0 g/s. As a result it proved quite difficult to ascertain specific properties

of a single configuration or plot the values.

Table 4 Experimental and numerical data for different equivalence ratios and angle
configurations

o) B 0 | Tyir mf Mgy, Texp_nozzle TCFD_nozzle Nexpoozzie | MCFDwozz1e
[T | [°1] [K] |[g/s] | [ke/s] [K] [K]
219 (120|160 | 915 | 7.6 | 0.12 1860 1853.44 0.8102 0.8053
222 | 60 | 60| 80 | 7.69 | 0.12 1765 1814.39 0.7541 0.7908
2.25(1120| 60| 950 | 7.8 | 0.12 1850 1771.65 0.8029 0.7440
225| 60 | 45| 905 | 7.8 | 0.12 1805 1792.31 0.7850 0.7755
231 | 60 | 45| 960 | 8.00 | 0.12 1810 1825.03 0.7816 0.7931
235 | 30 | 60 | 800 | 6.73 | 0.099 1700 1714.09 0.7640 0.7746
242 | 45 | 45| 930 | 84 | 0.12 1730 1795.24 0.7548 0.8051
245 | 45 | 60 | 830 | 6.96 | 0.098 1650 1706.00 0.7358 0.7787
246 | 45 | 60 | 830 | 6.82 | 0.096 1670 1695.65 0.7512 0.7709
251 | 45 | 60 | 820 | 7.05 | 0.097 1620 1706.09 0.7270 0.7935
2.52 | 30 | 60| 820 | 7.05 | 0.097 1760 1703.12 0.8357 0.7912
264 | 30 | 60| 860 | 7.57 | 0.099 1630 1613.60 0.7448 0.7319
3.28 | 45 | 60| 850 | 4.17 | 0.044 1600 1515.00 0.8390 0.7648
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4.3. Temperature gap

From Figure 11 and Figure 12, we have seen a difference in flame shape. The different
flame shape is the result of the equivalence ratio of the mixture, heat loss at the walls and
injection configuration. For both configurations, the temperature near the injector is highest
and, by a decreasing color, we assume the temperature is lower downstream. As a result
there is a difference in flame temperature between the injection area i.e. near the injector,
and the nozzle area. This temperature gap is assumed to be an effect of the heat loss in the
chamber. To do a proper investigation of this difference another set of experiments has

been carried out.

Two sets of experiments have been performed for a fuel-lean configuration (¢ = 0.174)
and a fuel-rich configuration (¢p = 3.18) respectively. Combustion in the chamber was
sustained for 5 seconds and the temperature was recorded using the thermocouples

installed. The position of the thermocouples in the chamber is presented in Figure 9.

Figure 13 presents the experimental combustion temperature recorded by the
thermocouples during the combustion. The black dots are the values of the temperature
measured by the upstream thermocouple, while the red dots represent the temperature
recorded by the downstream thermocouple. The right side of Figure 13, (Figure 13-a),
represent the flame temperature for fuel-lean combustion while the right side — Figure 13-b,
represents the flame temperature for fuel-rich. The conditions of the experiments are
presented in table 5. The temperature rose as the fuel was injected, achieving combustion,
and started to decrease dramatically when the fuel supply was cut off. What was observed is
that for a fuel-lean case, the temperature near the injection area rose to a maximum of 1850
K, while the temperature near the nozzle reached a maximum value around 1330 K. The
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flame was mostly sustained near the injector, and then was substantially “cooled” towards
the nozzle. This means a temperature gap of about 500 K. Given the fact that the complete
combustion of 1 kg of H2 requires 8 kg of Air, and from table 5 we can see that the hydrogen
mass flow in the fuel-lean experiment was 0.520 g/s, it means that the air required to
completely burn this quantity, would be 0.00416 kg/s of air. And taking into account that in
the experiment the quantity was 25 times that amount, the hydrogen was quickly consumed
near the injection source, thus the flame was only sustained there. However, hydrogen is a
very diffusive fuel, and with the help of the walls of the chamber, the flame spread along the

upper and lower side walls as can be observed in Figure 11.

Table 5 Dual thermocouple experimental conditions

Parameter/Equivalence ratio Lean Rich
Fuel mass flow[g/sec] 0.520 6.08
Air mass flow [kg/sec] 0.104 0.0721
Equivalence ratio 0.174 3.18
Injection pressure [MPa] 0.301 0.321

Upstream thermocouple temperature [K] 1850 1870
Texp,p,me (K] 1330 1600

Temperature gap [K] 520 270

For fuel-rich combustion, the right side of Figure 13 shows the maximum temperature
recorded by the upstream thermocouple to reach a maximum value of 1870 K, while the
downstream value was around 1600 K. The flame was fully developed in the combustor
covering the entire chamber. As in the previous experiment, temperature rose quickly as
hydrogen combusted with the hot air and declined as fast, when the supply of fuel was

stopped. If for a fuel-lean combustion case, the temperature gap is assumed to be the effect
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of the equivalence ratio, and due to heat loss, in the rich case, most of the difference in

temperature is assumed to be an effect of the heat loss at the walls.

a Fuel-lean Combustion b Fuel-rich Combustion
2000 2000
1800 1800

1600

1600

1400 - 1400 —

208

1200 1200

1000 + !

4 |
800 — “‘ —m— Upstream thermocouple
1

Temperature [K]
Temperature [K]

1000

800 —&— Upstream thermocouple

—@— Downstream thermocouple —&— Downstream thermocouple

-5 0 5 10 15 -5 0 5 10 15
Combustion time [s] Combustion time [s]

Figure 13 Combustion temperature measured with two thermocouples; a-fuel-lean
combustion, b-fuel-rich combustion

The temperature gap measured in the experiments shows a difference of 500 — 600 K for

fuel-lean combustion, and 100 — 200 K for fuel-rich combustion.

To further investigate the effect of heat loss in the chamber, numerical simulations have
been performed for two equivalence ratios (humerical) of ¢ = 0.3 for fuel-lean and ¢ = 2.0
for a fuel-rich combustion. Table 6 presents the numerical conditions used in the simulations
and the results at steady state for temperature and temperature gap. The values for the
temperature were recorded as an average value of the plane at the same spatial coordinate
as the position of the thermocouple in the experiments i.e. 130 mm and 300 mm. Figure 14
presents the temperature distribution field in the combustor for a fuel-lean case and a fuel-
rich case, on the upper and bottom side, respectively. From the figure we observe a

separated flame for the fuel-lean side and a fully developed flame for the fuel-rich case. This
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is in agreement with experiments. The area near the injector, in a fuel-lean case, has a
higher temperature near the injector and a much lower value for the area near the nozzle.
The red probes in the figures represent the position of the thermocouples in the
experiments. As a result of the equivalence ratio, in a fuel-lean case, two flame fronts form
along the walls, and as the hydrogen is consumed in the chamber, the flame “cools”, i.e. the
temperature decreases in the chamber. As the fuel is consumed near the injector, the
combustion process is no longer sustained, and as a result, the temperature drops, which

explains the big temperature difference in the chamber.

Table 6 Dual thermocouple numerical simulation results

Parameter/Equivalence ratio Lean Rich
Configuration 45°x90°  45°x90°

Air temperature [K] 980 980

Equivalence ratio 0.3 2.00

Upstream thermocouple temperature [K] 1818.165 1930.85
Downstream thermocouple temperature [K] 1561.038 1825.38

Temperature gap [K] 257.127 105.4769

Temperature, K

2100.000
1987.500
1875.000

1762.500
1 1650.000
H 1537.500
[ 1425.000
1312.500
1200.000
1087.500
975.0000
862.5000
750.0000
637.5000
525.0000
412.5000
300.0000

Figure 14 Temperature field distribution in the combustor; upper side represents
fuel-lean at ¢ = 0. 3, and bottom side represents fuel-rich at ¢p = 2.0
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Keeping the same initial and boundary conditions similar for the fuel-lean case, we have
increased the mass flow of hydrogen to achieve a numerical equivalence ratio of ¢ = 2.0.
For a fuel-rich case shown in Figure 14, bottom side, the flame expands in the whole
chamber. Having a rich flame allows the fuel to spread into the chamber and be consumed
more uniformly. As a consequence, the flame temperature decreases only slightly as the
flame expands downstream. The temperature gap measured in our simulations was found to
be less than that recorded in experiments. This is due to the fact that (1) the thermocouples
record spot values throughout the combustion duration, which tend to be higher than
averaged values, and (2) the configuration of the injector itself — although we have tried to
recreate a similar 3D example, our simulations focus on only one pair of injection holes with
periodic boundary conditions, while in an experiment for a full sized injector, the flame is
expected to achieve a slightly higher temperature due to the augmentation of the flame, on
a spot location, by the other injection holes. Nonetheless we observe higher temperature
gaps for fuel-lean combustion than for fuel-rich combustion. This investigation will be

presented in more detail in the next section.

4.4.Injector performance

The PCTJ engine planned by JAXAZ is set to use fuel-lean combustion in the core turbojet,
to obtain a high specific impulse and fuel-rich combustion for the afterburner to enhance
the air cooling ability in hypersonic flight. A sub-scaled engine was designed for full engine
experiments and the equivalence ratio of the mixture used in the afterburner was in the
range of ¢ = 2~2.3 41398081 However, in dedicated afterburner experiments, due to the
high temperature of the flame, that could reach up to 2100 K, and the upper working limit of

B-type thermocouples used, i.e. up to ~2050 K, higher equivalence ratios have been used in
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experiments i.e. ¢ = 3~5 where the maximum temperature of the flame reached values of

up to 1900 K °*. More experimental data is presented in Nishida et al.’s work®".

In the simulations that have been performed to determine the effect of the injection
configuration, a fuel-lean mixture has been selected to provide a fundamental study of the
combustion process at these conditions. The fuel-lean equivalence ratio was 0.264. For
numerical fuel-rich mixtures, not suffering by the physical limits imposed by the
experimental apparatus, the fuel-rich equivalence ratio was fixed at 2.033. To investigate the
effects, in the first phase we kept constant the upstream angles and varied the downstream
angles from 10° to 120° for 6 different values - 10°, 30°, 45°, 60°, 90° and 120°. In the second
phase, we repeated the simulations for 3 pairs of constant angles on the upstream: 30°, 45°
and 60° respectively. Third and fourth phase have constant the downstream angles while the
upstream angles are varied for the 3 pairs of constant angles on the downstream: 30°, 45°

and 60° respectively.

4.4.1. Lean combustion

Using a constant equivalence ratio and varying the injection angles, sufficient data is
obtained to help elucidate the effect of the hydrogen angled injection in the afterburner

chamber of the PCTJ.

Experimental data for fuel-lean combustion is performed to determine the effects of
combustion instabilities and CO, addition; as a consequence it cannot be compared with the
study at hand. The data can be found here ®*. However, to understand the effect of the
heat loss on the combustor, fuel-lean simulations have been performed and all the

parameters introduced in the numerical chapter are presented in this section.
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To understand the effect of the injection angle on the combustion process, flame
distribution, velocity vector distribution, chemical heat release and total heat loss as well as
combustion temperature and combustion efficiency will be presented. Due to the influence

of each pair of angle on the flow, each set of pairs is treated separately.

4.4.1.1. Constant upstream combustion

Figure 15 presents the temperature, on the upper part, and velocity distribution field, on
the lower part, for constant upstream angles of 30°. Figure 17 presents an enlargement of
the injector region for the temperature field, on the right side, and velocity vector
distribution, on the left side, for the same configurations. In Figure 15 and Figure 17, from a,

to e, the downstream angles increase from 10° (a) to 120° (e).

As observed previously, fuel-lean combustion is characterized by a two flame fronts
alongside the walls of the combustor. These two flame fronts do not connect but they

become slightly longer, as the angles increase on the downstream side.
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Velocity,
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0.275345

Figure 15 Temperature and velocity distribution field for constant upstream angle of 30°
at fuel-lean conditions
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For a 30°x10° configuration, seen in Figure 15 and Figure 17-a, the flame is concentrated
near the injector. When the temperature is plotted for the length of the combustor on the
left side of the figure, and the heat loss in the chamber on the right side (both shown in
[black] squares), observed in Figure 16, we see that as the mixture combusts near the
injector the heat loss is relatively small, compared with the rest of the chamber. Due to the
equivalence ratio and small angles on the downstream side, a large amount of fuel is carried
in the axial direction, downstream, thus having little contact with the walls of the chamber.
As a result the heat loss increases at the walls when most of the fuel is consumed, with
resulting heat released expanding in the chamber, decreasing as it is carried farther away
from the injector. The highest value of the heat lost is seen at about 130 mm from the inlet

and 70 mm from the injector.
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Figure 16 Average temperature (left side) and heat loss (right side) in the combustor for
constant upstream 30° and variable downstream angles at fuel-lean conditions
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W

Figure 17 Enlarged temperature field distribution and velocity vector
distribution near the injector for constant upstream angles 30°

As the angles increase, seen in Figure 15 and Figure 17-b, the injected fuel from the
downstream pair, is carried closer to the walls of the combustor. This flow increases the
contact of the mixture with the walls, increasing the heat loss. This trend is observed in
Figure 16 denoted with the [red] circles. In this case, due to the increase in angled injection
on the downstream side, the maximum heat lost moves closer to the injector to about 110

mm from the inlet and 50 mm from the injector.

For a configuration of 30°x45°, similar trend to the previous configuration is observed.
The increasing angles inject fuel closer to the walls and as a result the highest value of heat

lost is closer to the injector, this time situated around 35 mm, observed in Figure 16.
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With larger angles on the downstream, for a 30°x60° configuration, fuel is injected
towards the walls, enhancing the heat loss in the area. The peak of maximum heat loss for
this configuration is similar to the previous case shown by inverted [cyan] triangles in Figure

16.

When the downstream angles are increased to 90°, larger heat loss is associated with
larger angles, as more fuel is injected directly at the walls. However due to the fast injection,
the jet is reflected by the walls, which create a short area of smaller heat loss. This is
observed in Figure 16 by [pink] left side triangles. Another effect of higher angles on the
downstream is that the recirculation zone in the wake of the injector breaks down in many
smaller vortices, due to the large angles on the downstream side. Given the low equivalence
ratio of the mixture, these smaller vortices do not increase mixture associated with
increased turbulence, but actually lower the overall temperature downstream of the

combustor.

When the downstream angle is increased to 120°, seen in Figure 15-e and Figure 17-¢, a
large recirculation formed in the wake of the injector. Due to these two velocity fronts,
mixing in the wake of the injector is expected to enhance, and as a result most of the fuel
combusts in the wake of the injector, forming what looks like a concentrate shaped, stable
flame. It has an almost “teardrop” shaped. An overlay of the velocity field and temperature

is presented in Figure 18.
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Figure 18 Overlay of the velocity field and temperature distribution field for a 30°x120°
configuration at fuel-lean conditions

The average temperature and heat loss in the combustor for 30°x120° configuration is
presented in Figure 16, alongside the other configurations denoted by the [light green] right

side triangles.

From Figure 17-b, we can observe a recirculation zone in the wake of the injector that is
induced by the angled injection on the downstream side. This recirculation zone is just a
large eddy that entraps unburned air and fuel, and due to its position, lowers the
temperature of the flame in the wake of the injector. When the fuel is injected at 60°
downstream as observed in Figure 15 and Figure 17-c, the recirculation zone, having reached
a maximum sustainable size, when the axial velocity is higher than the azimuthal velocity,
the vortex breaks down into smaller vortices. In this case, two symmetrical vortices form on

the axial direction of the combustor.

Another effect of the vortices breaking apart in the wake of the injector is the formation
of a “bridge” between the upper and bottom flame fronts. Due to lower azimuthal velocities
at the edge of the eddy formations, on one hand, and higher temperatures associated with
this lower velocity on the other hand, fuel is carried from the upper side of the combustor

and interacts/mixes with fuel from the lower side of the combustor.
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From the temperature distribution fields in Figure 15 and Figure 17, plotted for length of
the combustor in Figure 16 on the left side, we can observe that the temperature rises
quickly in the wake of the injector, and later decreases substantially in the chamber, creating

a temperature difference between the nozzle and injector area of almost 300 K.

Figure 19 presents the chemical heat release (Q) plotted for constant upstream angles of
30°. When the upstream angles were kept constant, the trend was an increase in heat
release as the downstream angles became larger. It can be seen that most of the
combustion took place near or around the injector and not towards the nozzle area. This
increase however, only rises until two flame fronts are connected as a result of the “bridge”
forming in the wake of the injector. As that happens, the local equivalence ratio decreases

which decreases the chemical heat release.
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Figure 19 Chemical heat release for constant 30° upstream angles at fuel-
lean conditions

As the angles increase on the downstream we have observed that the heat release

maximum value moves closer to the injector, which is in agreement since the maximum heat
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loss peak follows the same trend. The amount of fuel is mostly consumed around the

injector and in its immediate wake area.

Figure 20 presets the local equivalence ratio for constant upstream angles of 30°, and

following the previous defined trend by the chemical heat release, as the angles increased

on the downstream side, the local equivalence ratio rose. What is important however, from

this figure is that a higher local equivalence ratio does not necessarily mean higher chemical

release. What we observed as important was the area into which the fuel “expanded”, the

area in which the fuel was allowed to mix, shown in Figure 20 by the area under the curve.
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Figure 20 Local equivalence ratio of unburned products for a constant upstream angle of

30° and variable downstream angles at fuel-lean conditions

Figure 21 presents the total heat loss plotted this time for the variable downstream

angles. The total heat loss is seen to increases as the angles increase on the downstream
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side. For constant upstream of 30°, the increasing angles on the downstream side push more

fuel towards the walls increasing the heat loss.
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Figure 21 Total heat loss for constant upstream angles and variable downstream
angles at fuel-lean conditions; [black] squares — upstream 30°,[red] circles — upstream
30°,[blue] triangles — upstream 30°

The total heat loss is calculated for every configuration and as presented in Figure 21,
alongside other configuration for comparison; it is seen to increase as fuel is being injected
towards the walls with increasing angles (45°, and 60°). However, when the two flame fronts
start connecting through the “bridge”, this lowers the maximum reaction heat. This lower
value leads to lower heat loss values. The final configuration (30°x120°), due to the
formation of the concentrated flame, the contact of the hot mixture with the walls of the

injector is decreased and as a result the total heat loss decreases.

Figure 22 presents the combustion efficiency for constant upstream angles of 30° and

combustor length on the right side using the enthalpy approach (-a), the left side presents
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the chemical heat release approach (—b). The combustion efficiency is close to zero near the
air inlet and increased to its maximum value immediately after the injector. This increase
near the injector is due to fresh fuel mixing with the incoming air and its following
combustion. After, most of the fuel was consumed, the combustion efficiency decreased
towards the nozzle area. Using a cumulative graph, the combustion efficiency is seen to

maximize around the injection area, and remain constant throughout the combustor.
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Figure 22 Combustion efficiency for constant upstream 30° angles at fuel-lean conditions;
a- enthalpy difference approach, b- heat release approach

Experimental results of the combustion efficiency use the values near the nozzle to
represent an injection configuration. The nozzle area as presented in Figure 9 is at 300 mm
from the inlet area. When the values of the combustion efficiency, using the two
approaches are plotted at the same spatial coordinate, a direct representation of the

injection configuration is observed in Figure 23.

The combustion efficiency, using the enthalpy approach, observed in Figure 23 (black
points), follows a similar trend with that of the total heat loss. The fuel is influenced by the
increasing downstream angles as they generate higher chemical heat and subsequent heat

loss at the walls. This influences the combustion efficiency and we observe a maximum value
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for a 30°x90°, when mixing is enhanced, throughout the chamber, yielding a higher

temperature overall.
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Figure 23 Overall combustion efficiency using the two approaches, enthalpy difference
(black line) and chemical heat release (blue line) for constant upstream angles of 30°

The chemical release approach however, shows a peak around the 60° angles, when the
mixing influenced by the velocity flow, is largest. Once the heat loss increased, due to larger

values on the injection angles, i.e. past 90°, the combustion efficiency decreased.

Figure 24 presents the NO and NO2 distribution in the combustor for fuel-lean
configuration. From the field distribution we can see that most of the NO and NO2 is formed
in the wake of the injector when the flame temperature is highest then it slowly decreases
downstream of the chamber. The values change significantly near the nozzle, due to the
presence of the ramp, where pockets of burned mixture are trapped and create more NOx.
The two configurations are shown here to provide an understanding of a small flame, and a
fully developed flame. The bulk of NO, seen in Figure 24 —a, and -c, was created in the center
of the flame fronts (although the picture shows a 2D representation, the simulations were

done in 3D), in the post-flame region. The NOx formed more quickly in the recirculation zone
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behind the injector than in the post flame zone. NO studies in the flame have been well
documented %8283 The NO in the postflame region, for this equivalence ratio, is mostly
explained by the Zel’dovich mechanism presented in the chapter 4.5. NO first appears in the
near postflame region; it appeared closer to the visible flame zone as the amount of oxygen
in the area was sufficient to generate NO via the thermal NO mechanism. The NO2 on the
other hand, can be seen forming earlier than the NO, starting to form early in the flame
reactions, continuing to increase in concentration farther downstream, in the visible flame
zone. The NO2, observed in Figure 24-b and —d, is formed closer to the edges of the flame as
the oxygen concentration is higher. The concentration of NO2 decreased significantly in the
wake of the injector, in the postflame region, and was coincident with a corresponding

formation of NO.
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Figure 24 NO and NO2 mass fraction distribution fields in the combustor for a 30°x10° (a
and b) and 30°x90° (c and d) configurations at fuel-lean conditions
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Figure 25 presents the NO and NO2 mass fraction plotted in the length of the combustor
for variable downstream angles at constant upstream angles of 30°. As we can see the NOx
that forms in the combustor are results of increasing values of NO and NO2 being generated
by the subsequent reaction. A details presentation and explanation of NOx formation and
reaction is presented in section 4.5. NO is seen to be created near the hot region of the
flames. As the amount of oxygen, as well as the temperature of the flame, decreases farther
downstream, the NO production slowly decreases. The NO2, on the other hand, as seen
from Figure 24, is produced earlier in the combustor. However, with the decrease in
temperature, it decreases downstream. The results support previous conclusions, NO is
active in high-temperature regions and, that NO2 is not present in the main reaction zones
at high temperatures, and later NO2 is converted in NO. Also that it appears at the base of
the flame and along the flame fronts, where temperatures are lower. As the concentration

of NOx evens out downstream, the concentration of NO and NO2 seem to decrease are they

are reduced by dilution.
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Figure 25 NO and NO2 mass fraction distribution in the combustor

When the EINOx is plotted, for variable downstream angles, in Figure 26, the EINOx is
seen to be directly proportional to the evolution of the combustion efficiency presented in

Figure 23. As the combustion efficiency increases, raised by the temperature near the nozzle,
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the NOx index increases with increasing temperature. While temperature alone is not the
only cause of the NOx increase, various reactions taking place in the consumption and
creation of NOx are of importance. A detail explanation of all reaction mechanism will be

presented in section 4.5.
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Figure 26 EINOXx for constant upstream angles and variable downstream angles at fuel-
lean conditions; [black] squares — upstream 30°,[red] circles — upstream 30°,[blue]
triangles — upstream 30°

One observation made so far is that where we measure the combustion efficiency can

affect the efficiency we consider to represent a configuration.

When the upstream angle is increased to 45° shown in Figure 27 and Figure 29, the
larger angle on the upstream side allows for “thicker” flame fronts to form around the
injector. Having a larger angle also allows for the fuel injected from the upstream pair to be
carried slightly farther downstream before mixing with the fuel coming from the
downstream pair. This slight difference, allows for better mixing in the wake of the injector,

brought about by an increase in the local equivalence ratio.
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For a 45°x10° configuration, seen in Figure 27 and Figure 29-a, the flame fronts extend
close to the walls and farther downstream. Due to the low angles on the downstream side,
the area in which the fuel and air mix, is larger, thus we observe “thicker” flame fronts. As
mixture proceeds into the combustor, it is consumed towards the nozzle. While the hot
region is still concentrated near the injector, in this configuration due to larger area for
mixing, the hot zone proceeds farther downstream compared with the previous

configuration (30°x10°).

When the temperature is plotted for the length of the combustor vs. the heat loss in the
chamber, observed in Figure 29, we see that as the mixture combusts near the injector the
heat loss is relatively small, compared with the rest of the chamber. Due to small angles on
the downstream side, a large amount of fuel is carried downstream, thus having contact
with the walls of the chamber. As a result the heat loss increases at the walls when the fuel
is consumed, with resulting heat released expanding in the chamber, decreasing the heat
loss farther away from the injector. The highest value of the heat lost is seen at about 90

mm from the inlet and 30 mm from the injector.

When the angles increase on the downstream side, seen in Figure 27 and Figure 29-b,
the larger angles on the downstream side, allow for a larger recirculation zone in the wake of
the injector. This eddy formation not only traps colder air and unburned mixture, it also
forces the combusting mixture to flow along the wall of the combustor. This is seen to
increase the mixture’s contact with the walls thus, increasing the heat loss in the chamber.
This effect is seen plotted in Figure 28, alongside the average temperature in the chamber.
Although the temperature is higher for this configuration, when fuel injected from the

downstream pair mixes with fuel coming from the upstream pair, the main part of
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combustion still takes place near the injector, which is why the heat loss, decreases faster as

it gets farther from the injector.
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Figure 27 Temperature and velocity distribution field for constant upstream angle of 45°
at fuel-lean conditions

For a configuration of 45°x45°, a similar trend to the previous configuration is observed
so it is not shown. The increasing angles inject fuel closer to the walls and as a result the
highest value of heat lost is closer to the injector, this time situated around 25 mm. However,
due to a larger recirculation zone forming in the wake of the injector, shown in Figure 27 and
Figure 29, for 45°x30° and 45°x45°, the strong vortices that form in the wake of the injector,

fuel is carried along the upper and lower side walls. As the vortices become weaker farther
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downstream, the temperature is seen to increase, according to the Figure 29. In this second
reaction area, while still close to the walls, the higher temperature is actually closer to the
middle of the injector, directed by the increase in velocity after the vortices break apart,

which explains the decreasing heat loss farther downstream in the chamber.

= 45°x10° e 45°x30° 4 45°x45°

2200 — v 45°x60° 4 45°x90° » 45°x120
H 18
2000 1
* 16 -
— v 14
Z 1800 - ]
o 1 12 -
=1 .
5 1600 - 2 10l
3 g o
% 1400 - § |
3 1200 - * 6_'
[ ] 4
>
{ B
2
1000 o J
04
800 T T T T T T T M T T T T T T T N -2 T r T T T T 1 T T T T T T T T T
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Combustor length [mm] Combustor length [mm]

Figure 28 Average temperature (left side) and heat loss (right side) in the
combustor for constant upstream 45° and variable downstream angles at fuel-
lean conditions

Figure 29 Enlarged temperature field distribution and velocity vector
distribution near the injector for constant upstream angles 45°
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For a 45°x60° configuration is similar to that of the lower angles i.e. 45°x30°, so it is not
shown. What changes, however, is the size of the recirculation zone. As the angles increase,
the eddy forming in the wake of the injector is larger but its epicenter is located closer to the
injector, which leads to the second reaction area to “move” closer to the injector i.e. for
45°x45° it was located around 50 mm from the injector, for 45°x60° it is located at 40 mm

from the injector.

When the downstream angles are increased to 90°, a direct effect of this is larger heat
loss associated, as more fuel is injected directly at the walls observed in Figure 29. Another
effect is that the recirculation zone in the wake of the injector breaks down in two
symmetrical, smaller vortices, due to the large angles on the downstream side. These small
symmetrical vortices, break down fast due their relative small size, which allow for the two
flame fronts to connect, which as is expected creates a more uniform flame farther in the

combustor.

When the downstream angle is increased to 120°, seen in Figure 27-d and Figure 29-d,
the two smaller vortices that formed when the recirculation zone reached its maximum
sustained size, have become even smaller for this configuration. This can be seen in Figure
30. As a result, the flame is fully developed in the wake of the injector. A slight effect of the
asymmetry of chamber, induced by the presence of the ramp, is seen on the flame, when
velocity is slightly increased on the lower side of the combustor. As a result of the fully

development of the flame the heat loss at the walls decreased, shown in Figure 29.
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Figure 30 Eddy formations for 45°x90° and 45°x120° configurations at fuel-lean
conditions

From the temperature distribution fields in Figure 29 plotted for length of the
combustor, we can observe a similar trend with the previous upstream 30° configurations.
The temperature gap measured for these configurations reaches a maximum of 250 K. In
comparison with the previous configuration, an increase in upstream angles creates a more
uniform flame, shown here by a more uniform average temperature in the combustor. Of
course there are configurations i.e. 90° or 120° on the downstream, that modify the flame
shape and temperature, but overall the temperature is seen around 1600 K with a maximum

value around 1900 K.

Figure 31 presents the chemical heat release (Q) plotted for constant upstream angles of
45°, When the upstream angles were kept constant at 45°, the heat release in the chamber
is almost constant for angles up to 90°; however, as they increase past this value, the peak

moves closer to the injector, when the chemical heat release is higher.
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Figure 31 Chemical heat release for constant 45° upstream angles at fuel-
lean conditions

The combustion takes place along the walls of the combustor, however, when angles on
the downstream side are larger than 60°, due to the vortex breakdown in the recirculation

zone, the local equivalence ratio is assumed to decrease and lower the heat release.

In Figure 21, the total heat loss in the combustor is plotted for variable downstream
angles with a fixed upstream angle of 45° is presented by the [red] circles in comparison with
the previous configurations. As the angles increased on the downstream we have observed
that due to the vortex breakdown suffered by the large angles, the mixing is inhibited. This
inhibited mixing lowers the heat loss suffered at the walls for large angles downstream i.e.
120°.The total heat loss is seen to increases as the angles increase on the downstream side.
For constant upstream of 45°, the increasing angles on the downstream side push more fuel
towards the walls increasing the heat loss, and later due to vortex breakdown, the heat loss

evens out, decreasing once the mixture expands in the chamber, in the wake of the injector.
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Figure 32 presents the combustion efficiency for constant upstream angles of 45° and
combustor length on the right side using the enthalpy approach (-a), the left side presents
the chemical heat release approach (—b). The combustion efficiency follows the same trend
as in the previous configuration. The fuel is influenced by the increasing downstream angles

as they generate higher chemical heat and subsequent heat loss at the walls.
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Figure 32 Combustion efficiency for constant upstream 45° angles at fuel-lean
conditions; a- enthalpy difference approach, b- heat release approach

In comparison with the previous configuration, we observed, that larger angles
downstream create more uniform combustion efficiency in the chamber, and the slope at
which it decreases, is not as steep. As a result, the combustion efficiency recorded near the
nozzle area is very little affected by the angle configuration. The combustion efficiency is
increasing with larger angles downstream as mixing is enhanced, and the chemical heat
release increased. However, due to these larger angles, a large vortex forms in the wake of
the injector, which pushes fuel towards the walls and farther downstream. When this vortex

breaks down, there is a small decrease in the combustion efficiency.
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Figure 33 Overall combustion efficiency using the two approaches, enthalpy difference
(black line) and chemical heat release (blue line) for constant upstream angles of 45°

Figure 33 present the combustion efficiency evaluated at the combustor nozzle using
both approaches. The enthalpy difference is seen to show little difference near the nozzle,
however using the chemical heat release shows a larger variation in the combustion

efficiency of about 10%.

The chemical heat approach follows the same trend as seen in Figure 32. The combustion
efficiency is highest when the flame fronts extend on a larger area, as the local equivalence
ratio among the angled configurations, is highest. Beyond this configuration, the higher

angled injection decreases the combustion efficiency.
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Figure 34 presents the NO and NO2 mass fraction plotted in the length of the combustor
for variable downstream angles at a fixed upstream angles of 45°. When the angles increase

downstream up to 60°, generate an even value of NO and NO2, when the downstream
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Figure 34 NO and NO2 mass fraction distribution in the combustor

angles are increased past this value to 90° and 120°, due to vortex breakdowns that occurs in
the wake of the injector, smaller vortices generate turbulence which in turn contributes to
the creation of NO and NO2. Not only that, we observed that the creation of NO was
continuous for a 45°x90° configuration, brought about by the long flame fronts that form
along the walls of the injector. The presence of the ramp shaped nozzle at the exit side of
the combustor is seen to have a very large effect on the creation of NOx. Through small
vortices forming at the base of the ramp, pockets of unburned oxygen is trapped that later
on forms NOx through various reactions. Figure 35 presents the NO distribution field at the
base of the ramp for a 45°x60°. The top part of the figure represents the NO field
distribution with ramp present, and the bottom side represents the field distribution of the

NO without ramp.
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Figure 35 NO field and vector distribution around the ramp base for a 45°x60° fuel-lean
configuration

The outlet of the configuration was moved from 390 mm (nozzle) to 350 mm, which stops
just before the nozzle. From the figure, we can observe that not only does the presence of
the ramp-shaped nozzle have a dampening effect on the flame, where the overall
temperature in the combustor is smaller than for the same conditions without a ramp. As a
result, the NO and NO2 production is in smaller concentrations for a configuration with a

ramp, than without a ramp.

When the EINOXx is plotted, for variable downstream angles in Figure 26, denoted by the
[red] circles, the EINOx increased with increasing downstream angles. The ramp effect seems
to be proportional to the amount of heat released in the chamber. This seems to
corroborate the decrease of the EINOx with the “move” of the peak of maximum heat
released. An important observation at this time is that the chemical heat release and

position of the maximum combustion influences the amount of NO that gets trapped and is
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produced near the ramp-shaped nozzle. Given that large downstream angles cause the main
reaction to occur closer to the injector, this translates as configurations with larger angles

downstream tend to generate more NOx.

When the angles on the upstream side are fixed to 60°, presented through the
temperature field on the top and velocity vector distribution on the bottom, in Figure 36 and
enlarged in Figure 37 where temperature is presented on the left side, and the velocity
vector distribution on the right side, larger angles on the upstream induce a larger
recirculation zone in the wake of the injector. From a first look we observed that higher
upstream angles, cause a hotter flame, a higher temperature of the flame in the combustor

and is expected a higher heat loss at the walls.

In Figure 36 and Figure 37-a, when upstream angles are set to 60° coupled with smaller
angles on the downstream side, due to the incoming airflow and fast injection velocity of
fuel at these small angles, two overlapping flame fronts are observed. As a result, wider
flame fronts prevent the formation of a strong recirculation zone in the wake of the injector,
inducing it, rather, farther downstream seen in Figure 37-a through the vector distribution
field. This means that, due to the presence of these two flame fronts, a region with high
temperature is found in the immediate wake of the injector, and due to the fuel being
deflected by the upper and lower side walls, a short drop in temperature takes place farther
downstream. This can be observed in Figure 38, where the average temperature and heat
loss are plotted alongside the combustor length, for variable downstream angles and a fixed
upstream angle of 60°.The right side of the Figure 38 shows the heat loss in the combustor.

We observe a small peak followed by a slight decrease, which when compared with the black
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points in the same figure, represent the small drop in temperature as the mixture is

reflected by the walls and reacts towards the middle of the chamber.

Temperature, K
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Figure 36 Temperature and velocity distribution field for constant upstream angle of 60°
at fuel-lean conditions
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Figure 37 Enlarged temperature field distribution and velocity vector distribution
near the injector for constant upstream angles 60°

—=— 60°x10°—e— 60°x30°—a— 60°x45°

2200 —v 60°x60° <« 60°x90°» 60°x120°

] 28
2000 - 26 -
24 |
i 22
g 1800 20
o g 18
5 _
§ 1600 Z 161
2 1 § 12
E 1400 = 127
o | 3 10-.
S 1200 e
g } 6
< - 4 4
1000 24
B 0-
-2

M+ 7T 7T T 77 r- 1 ~1 1 1 1 1 1 71

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Combustor length [mm] Combustor length [mm]

Figure 38 Average temperature (left side) and heat loss (right side) in the
combustor for constant upstream 60° and variable downstream angles at fuel-
lean conditions
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After the small temperature drop, there is a slight increase, as the two fronts unite,
easily observed in Figure 37-a, in the velocity vector distribution. There are two peaks for
high heat loss, one when fuel injected from the two pair interact around 15 mm from the
injector and the other at the top most tangent point of the recirculation zone forming in the
wake around 35 mm from the injector. If we consider the temperature gap between the two

areas, for this configuration a maximum of 480 K can be observed.

When the angles increase on the downstream side, seen in Figure 36 and Figure 37-b,
the larger angles on the downstream side, allow for fuel to be reflected in the combustor
faster, in a shorter distance which creates an almost full expanded flame. The average
temperature for this configuration, plotted in Figure 38, is slightly smaller, due to a dilution
of the mixture induced by the expansion of the flame fronts on the upper side and lower
side. However, this front expansion occurred toward the center of the combustor, which
allowed for a shorter contact with the walls. As a result, the heat loss decreased
downstream of the injector. The maximum heat loss peak is found at 25 mm from the
injector, which means that as the angles increased on the downstream, the two peaks
observed in the previous configuration, united. The temperature gap found for this
configuration is 450 K, a decrease explained by the dilution of the mixture. The local
equivalence ratio of the unburned products for a constant upstream angles of 60° and
variable downstream angles is presented in Figure 39, where the mixing enhancement can

be observed, with increasing downstream angles, by the area under the curve.
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Figure 39 Local equivalence ratio of unburned products for a constant
upstream angle of 60° and variable downstream angles at fuel-lean conditions

For a 60°x45° configuration, a similar trend to the previous configuration is observed.
The small temperature gap suffered when fuel deflected by the wall flows back into the
chamber, diluting the mixture. However, a second reaction zone is observed, when, due to
the breaking of the recirculation zone in the wake of the injector, velocity increases and as a
result mixing is enhanced. In this second reaction area, while still close to the walls, the
higher temperature is actually closer to the middle of the injector, directed by the increase
in velocity after the vortices break down, which explains the decreasing heat loss farther
downstream in the chamber. Given that a large amount of fuel is pushed towards the walls,
and most of the reaction takes place there, seen in Figure 36 and Figure 37 by the strong red
flame fronts along the walls, heat loss is increased, the resulting flame being characterized
by the burned gases. The peak of maximum heat loss peak, for this configuration is similar

to the previous case seen in Figure 38.
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For a 60°x60° configuration seen in Figure 36 and Figure 37-c, similar flow behavior is
observed as in the previous configuration. What changes, however, are, the size of the
recirculation zone, and the connection of the flame fronts. As the angles increase, the eddy
forming in the wake of the injector is larger but its epicenter is located closer to the injector,
which leads to the second reaction area to “move” closer to the as in the previous
configuration when angles were fixed at 45° on the upstream. In Figure 38, the average
temperature follows the same trend as the previous configuration however, at a smaller
temperature. Since the mixture expands in the combustor, the heat loss is seen to decrease
downstream observed on the right side of Figure 38. The temperature gap measured for this

configuration increased to almost 580 K.

When the downstream angles are increased to 90°, a direct effect of this is larger
heat loss associated, as more fuel is injected directly at the walls observed in Figure 38 on
the right side. Another effect is that the recirculation zone in the wake of the injector breaks
down into many smaller vortices, observed in Figure 36 and Figure 37-d, due to the large
angles on the upstream and downstream side. After these smaller vortices, the two flame
fronts connect and consume the amount of unburned fuel that remained. The maximum
heat loss peak is found where the maximum temperature is recorded, due to the
perpendicular injection and the temperature gap measured is found to be around 500 K,

observed in Figure 38.

When the downstream angle is increased to 120°, seen in Figure 36-e and Figure 37-¢,
the smaller vortices, which formed in the recirculation zone, due to large angles on the
upstream side, the flow velocity decreased. As a result, vortices arrange into symmetrical

shapes alongside the axial direction. This can be seen in Figure 40. As a result, the flame is
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fully developed in the wake of the injector. A slight effect of the asymmetry of chamber,
induced by the presence of the ramp, is seen on the flame, when velocity is slightly

increased on the lower side of the combustor.

60°x120°

X

Figure 40 Eddy formations for 60°x90° and 60°x120°
configurations at fuel-lean conditions

From the temperature distribution fields in Figure 38 plotted for length of the
combustor, we can observe a similar trend with the previous upstream configurations. The
temperature gap measured for these configurations reaches a maximum of varied between
500 and 580 K. In comparison with the previous configuration, an increase in upstream
angles creates hotter flame fronts on the sides, which through velocity and wall effects,

connects in the middle and the mixture is diluted.

Figure 41 presents the chemical heat release plotted for constant upstream angles of 60°
and variable downstream angles. When the upstream angles were kept constant at 60°, the
heat release in the chamber is constant for angles up to 60°, when, due to the wall effect,
the mixture expands in the chamber, and is diluted, as it encounters unburned oxygen.
However, as the angles increase past this value, an increase in heat release is seen due to

perpendicular injection.
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Figure 41 Chemical heat release for constant 60° upstream angles at fuel-
lean conditions

The combustion takes place along the walls of the combustor, however, when angles on
the downstream side are larger than 60°, due to the vortex breakdown in the recirculation
area, first smaller vortices formed which increased heat loss for 60°x90° and later for
60°x120°, due to the up flow injection, the vortices arranged in a symmetrical way in the

wake of the injector which increased the local equivalence ratio.

In Figure 21, the total heat loss in the combustor is plotted for variable downstream
angles with a fixed upstream angle of 60°, shown by the [blue] triangles. As the angles
increase on the downstream, the flame fronts near the walls reach higher temperatures
which generate more chemical heat, part of which is lost at the walls. Due to the vortex
breakdown suffered by the large angles, mixing is inhibited. This inhibited mixing lowers the
heat loss suffered at the walls for large angles downstream i.e. 120°. The total heat loss is

seen to increases as the angles increase on the downstream side until 60° on the
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downstream. After this value, fuel is injected direct at the walls and is reflected in the

chamber which although locally generate higher heat loss, in total the heat loss is lowered.

Figure 42 presents the combustion efficiency for constant upstream angles of 60° and
combustor length on the right side using the enthalpy approach (-a), the left side presents
the chemical heat release approach (—b). The combustion efficiency follows the same trend

as in the previous configuration.
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Figure 42 Combustion efficiency for constant upstream 60° angles at fuel-lean
conditions; a- enthalpy difference approach, b- heat release approach
However, in comparison with the previous configuration, we observed that at larger
angles downstream, hotter flame fronts exist and later are deflected from the walls
decreases mixing and are responsible for vortex breakdown in the wake of the injector. As a
result, the combustion efficiency recorded near the nozzle area varies only 5 % with the

angle configuration.

In Figure 43 the overall combustion efficiency near the nozzle is plotted for variable
downstream angles. The nozzle modification is small; the temperature and heat loss effect
on the nozzle is small. However, as angles increase on the downstream pair, the combustion
efficiency decreased.
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Figure 44 presents the NO and NO2 mass fraction plotted in the length of the combustor
for variable downstream angles at a fixed upstream angles of 60°. When the angles increase
downstream, as the flame fronts are longer and concentrated along the walls, the NO is
increasing in the chamber, as the residence time of the mixture along the walls is longer, and
pockets of oxygen are found. The NO peaks around the middle of the combustor and as the
reaction proceeds downstream, the NO decreased. The NO2 follows a similar trend although
in @ much smaller degree. When the angles downstream are increased past this value to 90°
and 120°, due to vortex breakdowns that occurs in the wake of the injector, smaller vortices
create and consume the available NO and NO2, which overall in the chamber, contributes to
the dissociation of NO and NO2. As in the previous configuration, the presence of the ramp
shaped nozzle at the exit side of the combustor is seen to have a very large effect on the
creation of NOx. Through pockets of unburned oxygen coming together in a smaller area,

NOx is enhanced.
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Figure 43 Overall combustion efficiency using the two approaches,
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86



When the EINOx is plotted, for variable downstream angles in Figure 26, shown by the
[blue] triangles, the EINOx increased with 30°, and evened out for the range of increasing
downstream angles, later decreasing for a 120° on the downstream. The EINOx increased in
the first part due to an expansion of the flame in the chamber, thus enhancing mixing and
allowing for the mixture to react with oxygen found there. However, as the angles increased,

which as a result, caused the flame fronts to be concentrated in thinner reaction zones,

which form alongside the walls.
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Figure 44 NO and NO2 mass fraction distribution in the combustor
This smaller reaction zone diluted the mixture which led to the creation of smaller
amounts of NOx. However, when angles increased to 60° and 90°, the flame fronts on the
upper side and lower side, although, still had the same shape, the temperature had higher
values. This means that they were longer and the NOx amount increased. When the angles
on the downstream side were set to 120°, due to breaking of the recirculation zone in the
wake of the injector, the NOx was formed and diluted before reaching the nozzle, which as a

result, lowered the overall NOx values recorded through the EINOx.
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4.4.1.2. Constant downstream combustion

Figure 45 presents the temperature (on the top) and velocity distribution field (on the
bottom) for constant downstream angles of 30°. In Figure 46 the enhanced views of
temperature fields (on the left side) and velocity vector distribution (on the right side) for
the constant downstream angle of 30° are presented. In Figure 45, from —a, to -f, the
downstream angles increase from 10° (Figure 45-a) to 120° (Figure 45-f). For fixed
downstream angles and variable upstream angles, the flame shape changed substantially. It
starts as two small flame fronts seen in Figure 45 and Figure 46-a, that adhere to the sides of
the injector due to (1) flow axial velocity and (2) large injection velocity of fuel coming from
the upstream injection pair. As the angles increase, the flame still supports two flame fronts,
but this time they are spread over larger reaction areas, generating wider flame fronts, and
expand in the chamber, seen in Figure 45 and Figure 46-b. this trend continues for upstream
angles from 30° to 60°, where the representing factor is that the flame fronts become
thicker, and hotter, seen in Figure 45 and Figure 46-c and —d. When the angles are set to 90°
on the upstream side, the perpendicular injection is clearly observed through the flame
shape and the flame is separated into the 4 flame jets coming from the injection holes and
later uniting on the upper side and lower side walls. Due to the recirculation zone forming in
the wake of the injector due to the large angles on the upstream, the flame fronts expand in
the chamber farther downstream, diluting the mixture and lowering the flame temperature,
seen in Figure 45 and Figure 46-e. For upstream angles on 120°, seen in Figure 45 and Figure
46-f, due to the up-flow injection of the upstream angles, due to a recirculation zone,

forming at the base of the upstream injection holes, the flame fronts do not connect,
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creating separate, short flame fronts, limiting the reaction zone to only around the injector

area.
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Figure 45 Temperature and velocity distribution field for constant downstream angle of
30° at fuel-lean conditions

Figure 46 Enlarged temperature field distribution and velocity vector distribution near
the injector for constant downstream angles 30°
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For a 10°x30° configuration, seen in Figure 45 and Figure 46-a, the flame is concentrated
near, and around the injector. Given the flow axial velocity and large injection velocity of fuel
coming from the upstream injection pair, the flame is concentrated in the axial direction on
the upper and lower sides of the injector. The average temperature and heat loss in the

combustor for this configuration is plotted in Figure 47.
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Figure 47 Average temperature (left side) and heat loss (right side) in the combustor
for constant downstream 30° and variable upstream angles at fuel-lean conditions

Due to the low equivalence ratio, and small angles on the upstream side, fuel is carried in
the axial direction, downstream, having little contact with the walls of the chamber. As a
result the heat loss increases at the walls from the expanding heat in the chamber,
increasing to a plateau near the nozzle. When the upstream angles increase to 30°, 45° and

60°, the effect is presented in the previous section 4.4.1.1.

When the angles are set to 90° upstream shown in Figure 45 and Figure 46-b, the
perpendicular injection is clearly observed through the flame shape and the flame is
separated into the 4 flame jets coming from the injection holes and later uniting on the

upper side and lower side walls. For large angles on the upstream, and the presence of
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vortices on the lower side and upper side of the injector, small vortices start forming at the
base of the injection holes, which create a cold region between the fuel injected from the
upstream injection holes and the one coming through the downstream injection holes.
These small vortices are shown in Figure 48, where velocity vector distribution is presented

for comparison reasons for a 60°x30° and 90°x30°.
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X
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i

Figure 48 Eddy formations between injection holes for a 60°x30° and a
90°x30° configuration at fuel-lean conditions shown through velocity vector
distribution
Due to the recirculation zone forming in the wake of the injector caused by large angles
on the upstream, the flame fronts expand in the chamber farther downstream, diluting the
mixture and lowering the flame temperature, seen in Figure 46 and Figure 47-b. The
perpendicular injection increases the heat loss at the walls and as the mixture proceeds

downstream, the heat loss decreases with the decrease of temperature of the flame, shown

in Figure 53 through the average temperature and heat loss plot.
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For upstream angles on 120°, seen in Figure 46 and Figure 47-c, the vortices that form in
between the injection holes enlarge, and through their size, prevent from the flame fronts to
combine, lowering the temperature and combustion efficiency. These small vortices start
forming at the base of the injection holes for a 90°x30° configuration and later growing in
size, move towards the upper and lower side walls of the combustor, creating a colder
region of no combustion. The average temperature and heat loss in the combustor for
120°x30° configuration is presented in Figure 49. The combustion takes place in separate
flame fronts, and after all the fuel is consumed locally, the temperature drops in the wake of
the injector. The heat loss is highest, near the upstream injection holes, due to the large
angle of injection, after which, it decreased. The average temperature in the chamber is
plotted for the entire combustor at variable upstream angles and a fixed upstream angle of
30° in Figure 47. From the temperature plot, we see that the maximum temperature is
almost similar for all configurations, however, the effect of the upstream angles is much
more pronounced, especially for high upstream angles when the temperature drop is large.

The temperature gap for a fixed upstream angle varied from 500 to 700 K.

In Figure 49, the chemical heat release is plotted for constant downstream angles of 30°.
When the upstream angles were kept constant, the trend was an increase in heat release as
the downstream angles became larger. It can be seen that most of the combustion took
place near or around the injector and not towards the nozzle area. The heat release
increases as the angles increase on the downstream. When the angles on the upstream side
increase to larger values (>60°), the chemical heat release decreases as the flame spreads in
the chamber, due to the flow configuration. As that happens, the local equivalence ratio

decreases, shown in Figure 50 which decreases the heat release.
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The heat release seems to have the highest value for a 10°x30° and 30°x30°
configurations when, due to injection configuration, fuel is injected in the axial direction,
maximizing the spread and enhancing the mixing. For the other configurations, it seems that
although large angles affect the flame shape, most of the reaction takes place in the same

place with similar chemical heat release.
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Figure 51 presents the total heat loss plotted this time for the variable downstream
angles. The total heat loss is seen to increases as the angles increase on the upstream side,
similar with the previous configurations. For constant downstream of 30°, the increasing
angles on the upstream side by pushing more fuel towards the walls, increase the mixture’s
contact with the walls of the combustor. The increase however is only seen for upstream
angles higher than 45°, due to the shape of the flame. As the angles increase to a
perpendicular injection, and as a result of the vortices forming between the injections holes,

the heat loss decreased.
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Figure 51 Total heat loss for constant downstream angles and variable upstream angles
at fuel-lean conditions; [black] squares — upstream 30°,[red] circles — upstream 30°,[blue]
triangles — upstream 30°

Figure 52 presents the combustion efficiency for constant downstream angles of 30° and
combustor length on the right side using the enthalpy approach (-a), the left side presents

the chemical heat release approach (—b).
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Figure 52 Combustion efficiency for constant downstream 30° angles at fuel-lean
conditions; a- enthalpy difference approach, b- heat release approach

While the combustion efficiency set through the enthalpy approach, seen in Figure 52-a,
small angles on the upstream create a concentrated flame near the injector. When angles
increase on the upstream and the local equivalence ratio increased, the temperature of the
flame is more uniform, with a higher combustion efficiency and higher heat loss. The
configuration 30°x30°, however, shows a dip in combustion efficiency. From Figure 45 and
Figure 46-a, and —b, the flame becomes thicker, with fuel being injected almost parallel. This
decrease in temperature, and subsequent combustion efficiency, is related to the fact that
when the flame fronts enlarge, the flame expands in the chamber, which in turn lowers the

local equivalence ratio and the temperature drops relatively faster.

Figure 53 presents the overall combustion efficiency plotted for variable upstream angles

when the downstream angles are constant to 30°.

When the upstream angles are increased, the combustion efficiency increases, however
only to a point. A maximum value is seen when flame fronts are larger, observed in Figure 45
and Figure 46. Beyond this angle configuration, when upstream angles increase, the scale of
the recirculation zones, induced by these larger angles, inhibits the mixing and lower the

combustion efficiency.
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Figure 53 Overall combustion efficiency using the two approaches,
enthalpy difference (black line) and chemical heat release (blue line) for
constant downstream angles of 30°

Figure 54 presents the NO and NO2 mass fraction plotted in the length of the combustor
for variable upstream angles at constant downstream angles of 30°. The NO forming from
upstream angles seems to be independent from changing upstream angles, with a single
exception. For a 60°x30° configuration has an increased production of NO and NO2 due to
the flame shape. The angled configuration allows for an almost engulfing flame, that
enhanced mixing, and through the recirculation zone in the wake of the injector, through the

added local turbulence, enhances the production of NOx.

When the EINOXx is plotted, for variable upstream angles, in Figure 55, the EINOx follows
a similar trend to the evolution of the total heat loss and combustion efficiency presented in
Figure 52 and Figure 53. Since the NO and NO2 created in the chamber have little changes
with the upstream angles, the bulk of the NOx recorded at the nozzle are given by the
influence of the ramp. When local velocity increased, more NOx created by the various
configurations, has been multiplied. The effects are shown in the figure below.
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Figure 54 NO and NO2 mass fraction distribution in the combustor for constant
downstream angles fixed at 30°

When angles are increased on the upstream, for the first configuration, the angles have
little effect on the creation of NOx. However, when the fuel injected from both injection
holes mixes and expands in the chamber, the local temperature is raised and the combustion
efficiency increased. Having a hotter flame, that covered a larger part of the chamber,
through available oxygen in the center of the flame, NOx were created, seen with an
increase of the EINOx at the nozzle. When the angles increased to 90° and 120° on the
upstream, due to the rarefication of the flame, and subsequent dilution, the NOx production

was inhibited and the resulting EINOx decreased.
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Through constant downstream angles, we have seen that the upstream angles have little
influence on the production of NOx, where the bulk of the NOx was created as a result of the

ramp shaped nozzle.

When the angles are increased on the downstream side to 45°, as observed in Figure 56
and Figure 57 through respective temperature (on the top and left side) and velocity vector
distribution fields (on the bottom and the right side), the effect is similar to that of the above
case only more pronounced. Fixed larger angles on the downstream with increasing angles
on the upstream create a larger flame, that due to the large angles downstream, flow is
reflected from the walls and flame temperature is affected farther downstream in the

chamber.

Temperature, K
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1650.000
1537.500
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1200.000
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412.5000
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110.6902
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0.275345

Figure 56 Temperature and velocity distribution field for constant downstream
angle of 45° at fuel-lean conditions
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Figure 57 Enlarged temperature field distribution and velocity vector distribution
near the injector for constant downstream angles 45°

For a 10°x45° configuration, seen in Figure 56 and Figure 57-a, the flame is concentrated
near, and around the injector and shaped by the axial velocity of the flow, and large injection
velocity of fuel coming from the upstream injection pair. The effect of larger angles
downstream, compared with the previous configuration is seen as larger flame fronts that,
are limited in flame width, shown in Figure 56, by the air axial velocity and upstream holes

injection velocity.

As seen in Figure 60, the flame fronts on the upper side and lower side are more
diffusive which yield a lower local temperature. The average temperature for these two

configurations is shown plotted for the length of the combustor, in Figure 59.

The fuel mixes near the downstream side and is consumed farther on. As the flame
proceeds in the chamber, the temperature drops to a plateau value. The heat loss increases

at the walls from the expanding heat in the chamber, increasing to a plateau near the nozzle.
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When the upstream angles increase to 30°, 45° and 60°, the effect is presented in the

previous section 4.4.1.1.

Figure 60 Enhanced temperature and velocity vector distribution fields for 10°x30° and
10°x45° at fuel-lean conditions
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Figure 59 Average temperature in the

combustor for 10°x30° (black points),

10°x45° (red points) and 10°x60° (blue
points) at fuel-lean conditions

Figure 58 Average temperature in the
combustor for 90°x30° (black points), 90°x45°
(red points) and 90°x60° (blue points) at fuel-

lean conditions

When the angles are set to 90° upstream shown in Figure 56 and Figure 57-b, the
perpendicular injection is clearly observed through the flame shape and the flame is
separated into the 4 flame jets as in the previous configuration, although this time the flame

fronts seem to be wider, with a smaller low temperature region between them.
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This actually decreases the temperature of the mixture, as the local equivalence ratio is
expected to be lowered, shown in Figure 58 through average temperature in the combustor

for constant 90° on the upstream and variable downstream angles.

The average temperature and associated heat loss in the combustor for this
configuration is shown in Figure 61 alongside variable upstream angles. The perpendicular
injection increases the heat loss at the walls and as the mixture proceeds downstream, the

heat loss decreases with the decrease of temperature of the flame.
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Figure 61 Average temperature (left side) and heat loss (right side) in the combustor
for constant downstream 45° and variable upstream angles at fuel-lean conditions

The heat loss presents two peaks, given by the separate flame fronts that reach the

upper and lower side walls of the combustor.

For upstream angles on 120°, seen in Figure 56 and Figure 57-c, the vortices that form in
between the injection are not influenced by the increasing downstream angle, however, the
recirculation zone in the wake of the injector becomes more pronounced, where the

azimuthal velocity is assumed to have increased. The combustion takes place in the same
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separate flame fronts, however, due to larger angles on the downstream, the heat loss
increases. The average temperature and heat loss in the combustor for 120°x30°, 120°x45°
and 120°x60° configurations is presented in Figure 62. The average temperature is seen to
increase with larger downstream angles, and thus the heat loss associated with hotter

flames, increases as well.
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Figure 62 Average temperature (solid points) and heat loss (hallow points) in the
combustor for 120°x30°(black), 120°x45°(red) and 120°x60°(blue) at fuel-lean conditions

The average temperature in the chamber is plotted for the entire combustor at
variable upstream angles and a fixed downstream angle of 45° in Figure 61. The temperature
in the chamber increases with larger upstream angles with a maximum found for 60°x45°,
after which, due to the vortices that form between the injection holes, the temperature

drops as the mixture is diluted. The temperature gap for a fixed upstream angle of 45° varied

from 300 to 500 K.

In Figure 63, the chemical heat release is plotted for constant downstream angles of 45°.

The heat release is highest when the downstream angles are small i.e. 10° and 30°. When
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the downstream angles increased, the heat release decreased. It can be seen that most of
the combustion took place near or around the injector and not towards the nozzle area. The
heat release increases as the angles increase on the downstream side until the two flame
fronts are connected as a result of the “bridge” between the two flame fronts. As that

happens, the local equivalence ratio decreases which decreases the heat release ratio.
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Figure 63 Heat release ratio for constant 45° downstream
angles at fuel-lean conditions

Figure 51 presents the total heat loss plotted this time for the variable downstream
angles. The total heat loss follows a similar trend as that of fixed downstream angles of 30°.
The heat loss increases as angles increase on the upstream and the heat loss associated is

higher as downstream angles increase.

Figure 64 presents the combustion efficiency for constant downstream angles of 45° and
combustor length on the right side using the enthalpy approach (-a), the left side presents
the chemical heat release approach (—b). When higher angles are set for the downstream

pair, the combustion efficiency increases until it reaches a plateau, after which larger angles
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on the upstream lower the local equivalence ratio and temperature, which lead to

decreasing combustion efficiencies.
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Figure 64 Combustion efficiency for constant downstream 30° angles at fuel-lean
conditions; a- enthalpy difference approach, b- heat release approach

Highest angles on the upstream side decrease the combustion efficiency to larger values
when the downstream angles are set to 45°. The overall combustion efficiency is presented
in Figure 65 for the nozzle values of the combustion efficiencies. The combustion efficiency
that is characteristic of the injection configuration is similar to the previous configuration
when downstream angles were set to 30°. There is combustion efficiency peak when the
recirculation zones in the wake of the injector are located into one coherent structure. As
angles increase the size of the vortices that are induced by the angled flow, increases. This
leads to lower local equivalence ratio and a decrease in local temperature. As a result, the

combustion efficiency decreased.

Figure 66 presents the NO and NO2 mass fraction plotted in the length of the
combustor for variable upstream angles at constant downstream angles of 45°. The NO
concentration increases after the mixture combusts, and slowly decreases in the chamber.

The NO2 follows a similar trend, only milder. However, high upstream angles i.e. 90° and
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120°, actually generate more NOXx, since the flame is separated in four independent flame
fronts, instead of two. As a result, flame-formed NO and pre-flame NO2, increased as the
separate flame fronts created their separate NOx, independent, which by not beingin a

single flame front, does not dissociate and recombine as easily.
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Figure 65 Overall combustion efficiency using the two approaches, enthalpy difference
(black line) and chemical heat release (blue line) for constant downstream angles of 45°
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Figure 66 NO and NO2 mass fraction distribution in the combustor for constant
downstream angles fixed at 30°

The EINOx, plotted in Figure 55, increases with larger upstream angles, albeit a 30°

configuration on the upstream. As seen previously the bulk of the EINOx is given by the
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ramps shaped nozzle. When the angles increased to 120° on the upstream, due to the
rarefication of the flame, and subsequent dilution, the NOx production was inhibited and the
resulting EINOx decreased. Small downstream angles have little influence on the creation of
NOx; however, larger angles on the downstream when the upstream angles increase, due to

the flame shape and equivalence ratio, produce more NOx in the chamber.

Figure 67 and Figure 68 present the temperature (on the top) and velocity
distribution fields (on the bottom) for variable downstream angles and constant upstream
angles of 60°. The figures present enhanced temperature fields (on the left side) and velocity
distribution fields (on the right side) from a, to c for 10° to 120° on the upstream. Larger
angles on the downstream push a bigger amount of fuel towards the walls which either
flows along the walls of the combustor, or are deflected and unite towards the middle of the
combustor on the axial direction. More reflected flow yielded higher heat loss. For a 10°x60°
configuration, shown in Figure 67 and Figure 68-a, the effect observed for the same
configuration with 45° on the downstream, is enlarged here. The two flame fronts are more
diffusive towards the middle of the combustor due to high velocity fuel coming from the
upstream pair. From Figure 69, where the average temperature and heat loss in the
combustor is plotted for 10° angles on the upstream and variable downstream angle shows
the effect of this diffusiveness. The temperature decreased in the immediate wake of the
injector, but due to the flow being injected towards the walls, it was higher farther

downstream.

In Figure 69, the average temperature and heat loss, is plotted for constant upstream
angles at 10° and variable downstream angles to show the effect of the diffusiveness of the

flame fronts on the heat loss. When the downstream angles increase for fixed 10° injection,
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the average temperature, as observed in Figure 69, decreases in the nozzle area due to the

lowering of the local equivalence ratio. The heat loss associated with larger angles

downstream is largest when the downstream are highest, since the injection is at the walls

of the combustor, and the flame fronts adhere to the walls of the combustor.
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Figure 67 Temperature and velocity distribution field for constant downstream

angle of 60° at fuel-lean conditions

Figure 68 Enlarged temperature field distribution and velocity vector distribution
near the injector for constant downstream angles 60°
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Figure 69 Average temperature (solid points) and heat loss (hallow points) in the
combustor for 10°x30°(black), 10°x45°(red) and 10°x60°(blue) at fuel-lean
conditions

When the upstream angles increase to 30°, 45° and 60°, the effect is presented in the

previous section 4.4.1.1.

From Figure 67 and Figure 68-b, 90° upstream angles, are more pronounced than the
previous configurations. Figure 58 showed that as larger angles are set for the upstream side,
there is higher local temperature around the injector, however, farther in the chamber, the
temperature decreases, due to the dilution, when the local equivalence ratio decreased. The
perpendicular injection increases the heat loss at the walls and as the mixture proceeds

downstream, the heat loss decreases with the decrease of temperature of the flame.

Heat loss is highest near the injector, and due to the large downstream angles, the
mixture has contact with the wall for longer distances, which increases the heat loss. Later as

the flame proceeds downstream, the heat decreases.

For upstream angles on 120°, seen in Figure 67 and Figure 68-c, the vortices that form in

between the injection are not influenced by the increasing downstream angle, however, the
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recirculation zone in the wake of the injector becomes more pronounced, where the
azimuthal velocity is assumed to have increased. The combustion takes place in the same
separate flame fronts, however, due to larger angles on the downstream, the heat loss
increases. The average temperature and heat loss in the combustor for 120°x30°, 120°x45°
and 120°x60° configurations is presented in Figure 62. The average temperature is seen to
increase with larger downstream angles, and thus the heat loss associated with hotter

flames, increased as well.

The average temperature in the chamber is plotted for the entire combustor at variable

upstream angles and a fixed upstream angle of 60° in Figure 70.
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Figure 70 Average temperature in the combustor for fuel-lean configurations at
constant downstream 60°

The temperature in the chamber increases with larger upstream angles with a maximum
overall found for 45°x60°, after which, due to the vortices that form between the injection
holes, the temperature drops as the mixture is diluted. The temperature gap for a fixed

upstream angle of 60° varied from 400 to 600 K.
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In Figure 71, the chemical heat release is plotted for constant downstream angles of 60°.
The heat release ratio is highest when the downstream angles are small i.e. 10°. The same
trend and observations were found as per the previous configuration i.e. the heat release
decreased as the local equivalence ratio decreased. Larger angles induce the reaction zone
to be closer to the injector, thus the maximum heat release peak can be found closer to the
injector, and as a result the local equivalence ratio is smaller. This leads to a decrease in the

chemical heat release.
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Figure 71 Chemical heat release for constant 60° downstream angles
at fuel-lean conditions

The total heat loss increased as angles increase on the upstream and the heat loss
associated is higher as downstream angles increase, shown in Figure 51. The total heat loss is
higher for larger downstream and increases with upstream angles, reaching a maximum for
the configuration with maximum temperature 45°x60°, after which, due to the separation of
the flame fronts and subsequent dilution, the local temperature drops and so does the total

heat loss associated.
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Figure 72 presents the combustion efficiency for constant downstream angles of 60° and
combustor length on the right side using the enthalpy approach (-a), the left side presents

the chemical heat release approach (—b).
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Figure 72 Combustion efficiency for constant downstream 30° angles at fuel-lean
conditions; a- enthalpy difference approach, b- heat release approach

The combustion efficiency is smaller when angles are smaller on the upstream seen form
Figure 72, due to low local equivalence ratio. When the angles are increased, the
equivalence ratio increases and so does the combustion efficiency. A peak of the combustion
efficiency is observed for a 45°x60° configuration, due to large temperature. Past this peak
the combustion efficiency slowly decreased with increasing upstream angles due to a drop in

temperature in the flame and local dilution.

Figure 73 presets the overall combustion efficiency near the nozzle. As in the previous
configurations, there is a peak around the 45° injection angle. Larger angles on the upstream
induce larger vortices in the wake of the injector, which lower the local equivalence ratio
and decrease the combustion efficiency. Figure 74 presents the NO and NO2 mass fraction

plotted in the length of the combustor for variable upstream angles at constant downstream
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angles of 60°. The NO concentration increases after the mixture combusts, and slowly

decreases in the chamber.
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Figure 73 Overall combustion efficiency using the two approaches, enthalpy
difference (black line) and chemical heat release (blue line) for constant
downstream angles of 60°

The NO2 follows a similar trend, only milder. Large upstream angles coupled with large
downstream angles do not generate larger amounts of NO as seen from Figure 74. The
largest amount seems to be generated when the injection flow from the upstream and
downstream injection holes is parallel. This parallel injection for configuration 60°x60°
creates a large engulfing flame, with two pronounced flame fronts on the side walls and

connected flame towards the middle of the combustor.
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Figure 74 NO and NO2 mass fraction distribution in the combustor for constant
downstream angles fixed at 60°

The EINOx, plotted in Figure 55, increases with larger upstream angles, albeit a 30°
configuration on the upstream. As seen previously the bulk of the EINOx is given by the
ramps shaped nozzle effect on the chamber production. The EINOx is highest when the
chamber production of NO seen in Figure 74 is highest and decreases with increasing
upstream angles, due to a dilution of the mixture induced by the vortices between the

injection holes.

From Figure 75, the vortices that form around the injection holes are shown through the
velocity vector distribution fields. The first configuration shown, 30°x60°, presents a large
recirculation zone in the wake of the injector with high velocity fronts on the side, as fuel is
injected in the chamber. When angles increase on the upstream side to 60°x60°, the high
velocity fronts forming from the upstream pair are almost parallel to the downstream pair.
This causes small vortices to form at the base of the upstream injection holes and in the
same time creates another reaction zone, shown in Figure 76 through the local equivalence
ratio near the injector. As these vortices form, the local equivalence ratio in the area
increases, yielding two reaction zones. These two reaction zones generate more NOX,

increasing the EINOx in the area. As vortices increase in size, with increasing upstream
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angles, a maximum equivalence ratio is achieved up flow of the upstream injection holes,
however, the mixture in the area is then quickly diluted, which leads to lower temperatures

in the area and lower EINOXx.

30°x60° /i - 60°x60°

Figure 76 Velocity vector distribution for constant downstream angles of 60° and
variable upstream angles at fuel-lean conditions
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Figure 75 Local equivalence ratio around the injector for unburned radicals, at
constant downstream angles of 60° and variable upstream angles, at fuel-lean
conditions
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Fuel-lean combustion has been performed for three pairs of fixed upstream angles
30°, 45° and 60° and variable downstream angles and repeated for variable upstream angles

and fixed 30°, 45° and 60° downstream angles.

The following conclusions can be drawn from the study performed so far:

e The estimation of the combustion efficiency depends heavily on the location from
which it is considered representative.

e Following experimental assumptions of combustion efficiency estimation,
shorter combustion yields lower NOx and higher combustion efficiency for all
configurations.

e Configurations with larger angles downstream generate more NOx.

o Upstream angles have little influence on the production of NOx for small
downstream angles.

e Larger angles on the downstream coupled with large upstream angles produce

more NOXx in the chamber.

4.4.2. Rich combustion

In the simulations that have been performed to determine the effect of the injection
configuration, the fuel-rich numerical equivalence ratio was fixed at 2.033. To investigate the
effects, in the first phase we kept constant the upstream angles and varied the downstream
angles from 10° to 120° for 6 different values - 10°, 30°, 45°, 60°, 90° and 120°. In the second
phase, we repeated the simulations for 3 pairs of constant angles on the upstream: 30°, 45°

and 60° respectively. Third and fourth phase have constant the downstream angles while the
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upstream angles are varied for the 3 pairs of constant angles on the downstream: 30°, 45°

and 60° respectively.
4.4.2.1. Constant upstream combustion

When the equivalence ratio is on the rich side, the reaction is more powerful; the
temperature is higher due to a larger equivalence ratio and so the reaction-induced velocity
is higher. The flame comprises of one full shape with slightly apparent “shoulders” shown in
Figure 77, around the injector, when the fuel is injected towards the walls and then reflected

in the chamber.
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Figure 77 Flame shape for a 60°x45° configuration at fuel-lean ¢p = 0.35 (top) and
fuel-rich ¢ = 2.033 (bottom) conditions

Compared to the fuel-lean case, the recirculation zones and afferent vortices and
vortices have a bigger effect on the combustion performance. For a fuel-rich combustion
there can be distinguished 4 major recirculation zones, shown in Figure 78, (1) a large one in
the immediate wake of the injector. Farther downstream, as a result of high vortex
breakdown, (2) a smaller recirculation zone is formed. This smaller zone is called hereafter
downstream recirculation zone. The other two (3 and 4) are seen to form on the side of the
injector before the upstream injection holes on the upper side and the lower side of the

injector.
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The influence of these recirculation zones on the flow becomes apparent and will be
used to help explain the flame behavior, for different angle configurations. At high Reynolds
numbers heat release has an effect on vorticity. Expansion of the fluid due to heat release

reduces vorticity and destroys the local vortices.

A : S ' 85mm

Figure 78 Recirculation zones for fuel-rich configurations

Vv

Figure 79 presents the temperature (on the top) and velocity distribution field (on
the bottom) for constant upstream angles of 30°. Figure 80 presents an enlargement of the
injector region for the temperature field (on the left side) and velocity vector distribution (on
the right side) for the same configurations. In Figure 79 and Figure 80, from a, to d, the
downstream angles increase from 10° (a) to 120° (f). When the upstream angles are fixed to
30° at low angles on the downstream seen in Figure 79-a, and Figure 80-a, the flame
expanded fully in the chamber. For a 30°x10° configuration, the hottest regions of the flame
seem to be the two flame fronts that form when the fuel, coming from the upstream and
downstream injection holes, mixes. When the temperature is plotted for the length of the
combustor vs. the heat loss in the chamber, observed in Figure 81, the mixture yields the
highest temperature near the injector. The heat loss, due to small angles on the downstream
is relatively small near this area, compared with the rest of the chamber. When the fuel

injected by the upstream injection holes, is carried downstream and it encounters the fuel
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from the downstream injection holes, the mixture adheres to the walls on the upper side
and lower side of the injector, creating an area of high heat loss, seen in Figure 81. As the
flame evolves downstream, the average temperature decreases due to a dilution of the
mixture by lower local equivalence ratio, shown in Figure 82. After which the average
temperature reaches a plateau. The heat loss, following the same arguments, slowly
decreases in the chamber as the temperature decreased near the injector, and continued to
decrease even as the temperature remained constant due to a decrease of the local

equivalence ratio.
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Figure 79 Temperature and velocity distribution field for constant upstream angle of
30° at fuel-rich conditions
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Figure 80 Enlarged temperature field distribution and velocity vector distribution near
the injector for constant upstream angles 30° at fuel-rich conditions
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Figure 81 Average temperature (left side) and heat loss (right side) in the combustor for
constant upstream 30° and variable downstream angles at fuel-rich conditions
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Figure 82 Local equivalence ratio of unburned radicals, in the wake of the injector for
constant upstream angles of 30° with variable downstream angles at fuel-rich conditions

From Figure 80-a, through the velocity vector distribution, we observe that the 1°* and
2" recirculation zone very close to each other and due to the high fuel injection, the vortex
breakdown in the wake of the injector, farther downstream is very pronounced. When the
angles increase on the downstream, seen in Figure 79 and Figure 80-b, the injected fuel from
the downstream pair, is carried closer to the walls of the combustor. This flow increases the
contact of the mixture with the walls, increasing the heat loss, and also creates higher
velocity areas close to the walls, due to reflected fuel. Another effect of larger angles
downstream is that the 3" and 4" vortex formations, forming at the upper and lower sides
of the injector, enlarge. The average temperature and heat loss for a 30°x30° configuration
is presented in Figure 81. With larger angles and on the downstream, the flame becomes

more uniform, and we observe that although the temperature still decreased in the wake of
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the injector, due to a dilution of the mixture, shown in Figure 82, the decrease was smaller,

the temperature, slightly higher, and reached a plateau faster.

For a configuration of 30°x45°, a similar trend to the previous configuration is observed.
The increasing angles inject fuel closer to the walls and as a result the highest value of heat
lost is closer to the injector. With larger angles, the downstream recirculation zone extends
farther away from the 1*' recirculation in the wake of the injector. This allows for a larger
area in the center of the flame, where the temperature is lower. The recirculation zones can
be observed from Figure 80. Another observation is that the effect of the ramp-shaped
nozzle is observed more pronounced on the upper side of the injector through the 3
recirculation zone. The average temperature and heat loss for this configuration is presented
in Figure 81 with [red] circles. Due to larger angles on the downstream and prolonged
contact of the mixture with the walls, the average temperature actually decreased. The heat
loss is higher from the configurations near the injector, however due to the flow-induced,

downstream recirculation zone, the heat loss decreased farther downstream.

With larger angles on the downstream, heat loss increased in the area, and due to the
larger angles downstream, the first recirculation zone in the wake of the injector, is broken
down into smaller vortices, shown in Figure 83, through the distribution of the turbulent
kinetic energy in the wake of the injector, which create an area of low temperature and
lower local equivalence ratio, shown in Figure 82. The average temperature and heat loss
plot for a 30°x60° configuration is shown in Figure 81 through inverted [teal] triangles. The
peak of the heat loss in the combustor is moved farther away from the injector, due to the

large angles, which increased the overall values of the heat loss.
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Figure 83 Turbulent kinetic energy in the wake of the injector for 30°x10° and
30°x60° at fuel-rich conditions

When the downstream angles are increased to 90°, a direct effect of this is larger
heat loss associated, not only in the injection area, but overall, as more fuel is injected
directly at the walls. This is a result of the recirculation zones that take shape in the wake of
the injector. Due to large angles, the vortices grow in size, and actually impede mixing in the
area. This effect is shown in Figure 82, through the local equivalence ratio plotted for

variable downstream from the upstream injection holes to the wake of the injector.

The average temperature and heat loss in the combustor is shown in Figure 81. The heat
loss is largest for this configuration as shown in Figure 81, right side. From Figure 81, the
average temperature is higher for this configuration, shown from Figure 79 and Figure 80-c.
Due to large angles on the downstream, and the presence of the large recirculation zones,
the flame temperature is highest near the walls of the injector, which show in Figure 79 and

Figure 80-c as redder flame fronts on the upper and lower side of the combustor. As a result,
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the average temperature reached a plateau in the chamber. The heat loss, as can be

expected, due to larger temperature of the flame near the walls, is higher.

When the downstream angle is increased to 120°, seen in Figure 79-d and Figure 80-d,
the large recirculation zones are constrained by the higher velocity boundary layers formed
on the upper and lower side walls. Due to these two velocity fronts, mixture increased as
seen in Figure 82. As a result, the effect observed in Figure 18 for a teardrop-shaped flame at
fuel-lean conditions for this configuration, is the actual mixture that combusts in the wake of

the injector. The rest of the flame has higher temperature and as a result higher heat loss.

The average temperature and heat loss plot, in the combustor for 30°x120°
configuration is presented in Figure 81. Due to the large recirculation zone in the wake of the
injector, the average temperature in the area is lower, and later it increases and the vortices
fade away around 60 mm from the injector. The heat loss on the other hand is highest near

the injector and decreases steadily in the chamber downstream.

The maximum temperature in the chamber, in Figure 81, left side, is achieved by large
angles on the downstream i.e. 120°, however, due to their effect, this configuration also has
the highest heat loss. When downstream angles increase, the average temperature
increases in the chamber. Larger angles allow for larger recirculation zones in the wake of
the injector, where pockets of unburned oxygen mix with fresh gases and allow for an

increase in local equivalence ratios.

Figure 84 presents the chemical heat release plotted for constant upstream angles of 30°.
When the upstream angles were kept constant, the trend was a decrease in heat release as
the downstream angles became larger. When angles increased, the local equivalence ratio

decreased, lowering the heat release.
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Figure 84 Chemical heat release for constant 30° upstream angles at fuel-
rich conditions

The OH radical variation with increasing downstream angles for constant 30° on the
upstream at fuel-rich conditions is presented in Figure 85-a. The formation and subsequent
dissociation of the OH radical is influenced by the equivalence ratio. In Figure 85-b, -c and -d,
the concentration of H2, 02 and N2 is plotted for different downstream angles, when the
upstream angle is fixed at 30°. From the H2, 02 and N2 concentration we see that the
mixture is consumed mostly around the downstream injection holes for small downstream
angles, and later, for large downstream injection angles, it is consumed earlier, near the

upstream injection holes.

This is easily understood since higher downstream angles push fuel closer to the walls
and thus mixing and combustion take place in a shorter distance. What this means is that as
the combustion “moves” closer to the injector, N2 reacts faster than 02, which in turn

inhibits the formation of OH, which lowers the heat release in the area.
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Figure 85 OH-a, H2-b, 02-c and N2-d average radical concentration [mass fraction] for
30° constant upstream angles at fuel-rich conditions

Figure 86 presents the total heat loss plotted for variable downstream angles. The total
heat loss is seen to increases as the angles increase on the downstream side. For constant
upstream of 30°, the increasing angles on the downstream side push more fuel towards the
walls increasing the heat loss. There is a small gap for a 30°x45° configuration, where due to
the separation of the recirculation zones, into two smaller, separate vortices, the flame is
elongated towards the nozzle, removing some of the mixture from the walls. However, as
angles increase, the vortices in the wake of the injector increase and the mixture is again
pushed on the side walls, increasing the heat loss. This increase, at larger angles

downstream, is smaller however. Due to the vortices in the wake of the injector and a
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lowering of the local equivalence ratio, the temperature of the flame decreased, lowering

the degree of heat loss.
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Figure 86 Total heat loss for constant upstream angles and variable downstream
angles at fuel-rich conditions

Figure 87 presents the combustion efficiency for constant upstream angles of 30° and
combustor length on the right side using the enthalpy approach (-a), the left side presents
the chemical heat release approach (—b). The combustion efficiency is close to zero near the
air inlet and increased after the injector. The peak of the combustion efficiency in the
combustor is found between 100-150 mm from the inlet, which means maximum efficiency
is achieved in the middle of the combustor. As the reaction has taken its course, with
decreasing local equivalence ratio and temperature, the combustion efficiency slowly
decreases downstream. In Figure 87-b, the heat release approach to the combustion
efficiency is plotted for variable downstream angles. The graph presents a cumulative

approach to the heat release in the wake of the injector. The trend of the heat release
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approach is however, indirect proportional to the enthalpy approach. The heat release in the
chamber decreases as downstream angles increase, as the flow influences the mixing

behavior of the flow, and subsequent heat loss at the walls increases.
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Figure 87 Combustion efficiency for constant upstream 30° angles at fuel-rich
conditions; a- enthalpy difference approach, b- heat release approach

Figure 88 presents the overall combustion efficiency, using the two approaches, in the
area of the nozzle of the combustor. The black lines present the A approach, the enthalpy
difference, while the blue lines present the heat release approach at the spatial coordinate
of 300 mm from the inlet. The combustion efficiency increases as the angles increase on the
downstream angles, however, due to increasing heat loss at the walls, an independent
approach to the combustion efficiency shows that as the angles increase, due to an

enlargement of the recirculation zones in the wake of the injector, the combustion efficiency

decreases.

Figure 89 presents the NO and NO2 distribution fields in the combustor for constant 30°
upstream injection and variable downstream angles at fuel-rich conditions for 2 downstream
angles. The configurations shown vary to show lowest and highest values of flame

temperature. The distribution fields are enlarged to show the NO production in the
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combustor. Most of the NO and NO2 is formed in the wake of the injector and in the

recirculation zones.
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Figure 88 Overall combustion efficiency using the two approaches, enthalpy difference
(black line) and chemical heat release (blue line) for constant upstream angles of 30°

The bulk of NO, seen in Figure 89 —a, and -c, was created in the center of the flame
fronts, in what is called the post-flame region and in the center of the recirculation zones. It
is created in the center of the flame fronts through thermal mechanisms that require high
temperatures, and closer to the visible flame zone as the amount of oxygen in the area was
sufficient to generate NO. The vortices entrap unburned gases and oxygen, thus the lower
local equivalence ratio. Having pockets of unburned oxygen, NO creation is thus favored. The
NO2 on the other hand, can be seen forming earlier than the NO, in the pre-flame region,
continuing to increase in concentration farther downstream. The NO2, observed in Figure
89-b, and -d, is formed closer to the edges of the flame as the oxygen concentration is higher.
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The concentration of NO2 decreased significantly in the wake of the injector, in the post-
flame region, and was coincident with a corresponding formation of NO.
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Figure 89 NO and NO2 mass fraction distribution fields in the combustor for a 30°x10°
(a and b) and 30°x120° (c and d) configurations at fuel-rich conditions

Figure 90 presents the NO and NO2 mass fraction plotted in the length of the combustor
for variable downstream angles at constant upstream angles of 30°. NO is created near the
hot region of the flames and as seen in the previous figure, in the recirculation zones. The
bulk is created near the injector, after which, due to a decrease in local equivalence ratio,
the radicals are dissociated due to high temperatures and are recombined into NO and NO
products. The NO2, on the other hand, as seen from Figure 90, is produced earlier in the
combustor but follows the same trend as the NO production, for the same reasons. The
results support previous conclusions found for fuel-lean configurations, that NO2 is not
present in the main reaction zones at high temperatures and that it appears at the base of

the flame and along the flame fronts, where temperatures are lower.
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Figure 90 NO and NO2 mass fraction distribution in the combustor for constant 30°
upstream injection at fuel-rich conditions

If for fuel-lean conditions, the shorter the combustor, the larger the amount of NO, for
fuel-rich conditions the shorter the combustor the smaller the amounts of NOx produced,

invariable of the injection angles.

When the EINOx is plotted, for variable downstream angles, in Figure 91, alongside the
other configurations, the EINOx is seen to be directly proportional to the evolution of the
combustion efficiency presented in Figure 88 and Figure 89. As the combustion efficiency
increases, raised by the temperature near the nozzle, increased by the local equivalence
ratio, the NOx index increases. While temperature alone is not the only cause of the NOx
increase, various reactions taking place in the consumption and creation of NOx are of
importance. A detail explanation of all reaction mechanism will be presented in section 4.5.
As the recirculation zones expand and the average temperature decreases, so does the

EINOx with larger downstream angles.

Figure 92 present the temperature field distributions on the top side and velocity fields
for upstream angles of 45°, on the bottom. Figure 93 presents an enlargement of the
injector region for the temperature field on the left side, and velocity vector distribution, on

the right side, for the same configurations. In Figure 92 and Figure 93, from a, to f, the
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downstream angles increase from 10° (a) to 120° (f). As fuel is pushed with a larger angle
towards the walls seen in Figure 92-a, and Figure 93-3, it is carried by the incoming airflow,

mixing and producing higher heat loss at the walls.
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Figure 91 EINOx for constant upstream angles and variable downstream angles at
at fuel-rich conditions

Through Figure 92 and Figure 93-b,-c and -d, the recirculation zone is clearly seen as
getting smaller in size and stronger i.e. assumed faster azimuthal velocity. This increase in
strength can be observed in Figure 93-d, where, although the airflow carries the fresh
unburned gases downstream, the high-temperature mixture is pushed to the sides, by the
strong vortices in the recirculation zone. It also can be observed that as the zone becomes
stronger; its size shrinks, when the vortices break down into smaller structures. In Figure 92
and Figure 93-e and -f, the recirculation zone in the wake of the injector breaks down, as fuel

is injected perpendicularly. As this happens, an increase in combustion efficiency is expected.
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With increasing angles on the upstream, the flame height seemed more compact. For a
45°x10° configuration, the size and shape of the recirculation zones is compared with a
30°x10° configuration in Figure 94, through velocity vector distribution. These recirculation
zones are the result of increased velocity on the upper and lower side flame fronts. By
increasing the velocity in the area, so does the temperature and implicit heat loss at the

walls.

When the temperature is plotted for the length of the combustor vs. the heat loss in
the chamber, observed in Figure 95, the mixture yields the highest temperature near the
injector. The heat loss, due to small angles on the downstream is relatively small near this
area, compared with the rest of the chamber. In the figure, configurations with fixed

downstream angles of 10° have been added for comparison.

From Figure 95, it can be seen that higher upstream angles with a fixed 10° angle on
the downstream, not only raise the temperature in the chamber, due to an increase in the
local equivalence ratio shown in Figure 96, but also raise the heat loss at the walls for the
same reasons. As the flame evolves downstream, the average temperature decreases due to
a dilution of the mixture by lower local equivalence ratio, after which the average
temperature reaches a plateau faster for larger angles on the upstream, partly due to
smaller recirculation zones. The heat loss, following the same arguments, slowly decreases in
the chamber as the temperature decreased near the injector, and continued to decrease

even as the temperature remained constant due to a decrease of the local equivalence ratio.
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Figure 92 Temperature and velocity distribution field for constant upstream angle of
45° at fuel-rich conditions
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Figure 93 Enlarged temperature field distribution and velocity vector distribution near
the injector for constant upstream angles 45° at fuel-rich conditions

Figure 94 Enhanced recirculation zones in the wake of the injector for a
30°x10° (top) and 45°x10° (bottom) configurations at fuel-rich conditions
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Figure 95 Average temperature (full points) and heat loss (hallow points) in the combustor
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Figure 96 Local equivalence ratio in the wake of the injector for unburned products,
for 30°x10° (blue), 45°x10° (red) and 60°x10° (green) at fuel-rich conditions

The local equivalence is highest for larger angles on the upstream injection pair, near the
upstream and downstream injection holes but quickly drops in the wake of the injector due

to recirculation zones that trapped amounts of unburned oxygen.
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When the angles increase on the downstream, seen in Figure 92 and Figure 93-b, the
injected fuel from the downstream pair, is carried closer to the walls of the combustor. This
flow increases the contact of the mixture with the walls, increasing the heat loss, and also
creates higher velocity areas close to the walls, due to reflected fuel. Another effect of larger
angles downstream is that the major recirculation zone in the wake of the injector has its
epicenter farther from the injector, which yields a lower temperature zone in the area seen
in Figure 92 and Figure 93-b for the temperature distribution fields. The average
temperature and heat loss for a 45°x30° configuration is presented in Figure 97. With larger
angles and on the downstream, the flame temperature is higher on the walls sides, with
slightly asymmetric behavior due to the ramp-shaped nozzle, and lower temperature near
the axisymmetric axis, shown in Figure 93-b. The lower temperature regions are due to the

presence of the recirculation zones, by a decrease of local equivalence ratio, and vortex
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Figure 97 Average temperature (left side) and heat loss (right side) in the combustor for

constant upstream 45° and variable downstream angles at fuel-rich conditions

breakdowns suffered downstream.
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For a configuration of 45°x45°, shown in Figure 92 and Figure 93-c, a similar trend to the
previous configuration is observed. The increasing angles inject fuel closer to the walls and
as a result the highest value of heat lost is closer to the injector. With larger angles, the
downstream 1% recirculation zone actually becomes more compact as its epicenter moves
closer to the injector, observed in Figure 92 and Figure 93-b, and -c. This allows for a smaller
area in the center of the flame, where the temperature is lower and larger areas on the sides,
in contact with the walls. Due to this effect, the local equivalence ratio increase (Figure 96),
and so does the average temperature in the chamber seen in Figure 97, left side. The
average temperature and heat loss for this configuration is presented in Figure 97 through

the [blue] triangles.

Due to larger angles on the downstream and prolonged contact of the mixture with the
walls, the average temperature actually decreased. The heat loss is higher near the injector,
however due to the flow-induced, downstream recirculation zone, the heat loss decreased

farther downstream.

When angles are increased to 60° on the downstream injection holes, shown in Figure 92
and Figure 93-d, heat loss increased in the area, shown in Figure 97, right side, and due to
the larger angles downstream, the first recirculation zones in the wake of the injector, grow
slightly in size. The average temperature and heat loss plot for a 45°x60° configuration is
shown in Figure 97, through the inverted [teal] triangles. The peak of the heat loss in the
combustor is moved farther away from the injector, due to the large angles, which increased

the overall values of the heat loss.

When the downstream angles are increased to 90°, a direct effect of this is larger

heat loss associated, not only in the injection area, but overall, as more fuel is injected
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directly at the walls. The second visible effect is that the flame temperature is higher farther
downstream of the injector, than near the injection holes. This is a result of the 2"
recirculation zone that enlarges, shown in Figure 98. Due to this enlargement, larger
amounts of mixed gases are trapped and the local temperature decreases, shown in Figure
97, impeding mixing in the area, shown in Figure 96. The average temperature and heat loss
in the combustor is shown in Figure 97, left side. The heat loss is largest for this

configuration as shown in Figure 97, right side.

Figure 98 Enhanced recirculation zones in the wake of the injector for a
45°x60° (top) and 45°x90° (bottom) configurations at fuel-rich conditions

When the downstream angle is increased to 120°, seen in Figure 92-f and Figure 93-f, the
large recirculation zones are broken down into smaller vortex structures. Due to these
vortex structures, the high temperature part of the flame is on the sides of the combustor
walls, where mixture increased, as seen in Figure 96. The average temperature and heat loss
plot, in the combustor for 45°x120° configuration is presented in Figure 97. Due to the large
recirculation zones in the wake of the injector, the average temperature near the injector is
lower, and later it increased. The vortices finally break down away from the injector. The
heat loss on the other hand is highest near the injector and decreases steadily in the

chamber downstream.
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The average temperature and heat loss for constant upstream angles of 45°, shown in
Figure 97 follow the same trend as the previous configuration, where large angles on the
downstream i.e. 120°, generate higher temperature and, due to their effect, higher heat loss.
When downstream angles increase, the average temperature increases in the chamber.
Larger angles on the downstream side coupled with larger angles on the upstream side,
allow for larger recirculation zones farther away from the injector. As the angles increased
on the upstream side, the recirculation zones in the wake of the injector were broken down
for larger angles on the downstream i.e. 60° on the downstream, for constant 30° on the

upstream, and 120° on the downstream for constant upstream 45°.

Figure 99 presents the chemical heat release plotted for constant upstream angles of 45°.
When the upstream angles were kept constant, the heat release in the chamber increased,
when a 45°x30° configuration was achieved, due to smaller recirculation zones in the wake
of the injector which when the local equivalence ratio was higher. However, as angles
increased on the downstream side, the local equivalence decreased due to an enlargement
of the recirculation zones in the wake of the injector. In the figure, the maximum heat
release is shown for a 45°x120° configuration. In the injector wake however, as can be seen
from the OH concentration in the flame, in Figure 100-a, the 45°x30° configuration has the

largest amount for the reasons explained above.

In Figure 100-b, -c and -d, the concentration of H2, 02 and N2 is plotted for different
downstream angles, when the upstream angle is fixed at 45°. From the H2, 02 and N2
concentration we see that a large part of the radicals are consumed near the higher
upstream angles, and the rest around the downstream injection holes. When the angles

increase on the downstream side, the large bulk of the radicals are consumed near the
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downstream injection holes. There is a large variation of N2 farther downstream as an effect

of vortex breakdown seen in Figure 92 and Figure 93-d.
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Figure 99 Chemical heat release for constant 45° upstream angles at fuel-
rich conditions

Figure 86 presents the total heat loss plotted for variable downstream angles with fixed
45° upstream injection, through the [red] circles. The total heat loss is seen to increases
uniformly, as the angles increase on the downstream side. Larger angles on the downstream
as seen from Figure 97, right side, create recirculation zones that expand farther in the
combustor, which “force” the high temperature part of the flame to be in longer contact

with the walls of the combustor which add up to larger heat loss in the chamber.

Figure 101 presents the combustion efficiency for constant upstream angles of 45° and
combustor length on the right side using the enthalpy approach (-a), the left side presents
the chemical heat release approach (—b). The peak of the combustion efficiency in the

combustor, for higher angles on the upstream is found closer to the injector around 100 mm
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from the inlet, which led to a larger temperature difference of about 70-150 K, compared

with the previous configuration where it was around 10-100 K. In Figure 101-b, the values of
combustion efficiency using the heat release approach, are plotted for variable downstream
angles. While it is difficult to see the difference between the angles clearly, one observation

can be made that higher downstream angles decrease the combustion efficiency.
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Figure 100 OH-a, H2-b, 02-c and N2-d average radical concentration [mass fraction]
for 45° constant upstream angles at fuel-rich conditions

Figure 102 presents the overall combustion efficiency, using the two approaches, in the
area of the nozzle of the combustor. The black lines present the A approach, the enthalpy
difference, while the blue lines present the heat release approach at the spatial coordinate
of 300 mm from the inlet. The combustion efficiency, evaluated using the enthalpy approach,
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for constant upstream angles of 45°, due to the presence of the recirculation zones, and the
small difference in temperature caused by these vortices, reach similar values near the
nozzle. The effect of the angles is situated closer to the injector, thus having little influence
on the nozzle temperature. When the heat release approach is implemented, the
combustion efficiency decreased with increasing angles on the downstream side. There is an
increase for a configuration of 45°x120°, as explained in Figure 100, due to larger heat

release in the chamber, as the equivalence ratio increased.
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Figure 101 Combustion efficiency in the combustor for variable downstream angles at
constant upstream 45° angles at fuel-rich conditions; a- enthalpy difference approach,
b- heat release approach

Figure 103 presents the NO and NO2 mass fraction plotted in the length of the
combustor for variable downstream angles at constant upstream angles of 45°. Large
amounts of NO and NO2 are created in larger recirculation zones which are characteristic of
45°x10° configuration. When the two recirculation zones in the wake of the injector
separate for angles on the downstream higher than 45°, the NO and NO2 production is
lowered, only increasing when the vortices are broken down into smaller structures for a

45°x120° configuration.
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Figure 102 Overall combustion efficiency using the two approaches, enthalpy
difference (black line) and chemical heat release (blue line) for constant upstream
angles of 45°

The configurations that generate asymmetry are shown in Figure 103, and due to this
exact effect, generate the largest amount of NO near the injector, after which the NOx
production decreases downstream. The results support previous conclusions found for fuel-
lean configurations, that NO2 is not present in the main reaction zones at high temperatures

and that it appears at the base of the flame and along the flame fronts, where temperatures

are lower.
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Figure 103 NO and NO2 mass fraction distribution in the combustor for constant 45°
upstream injection at fuel-rich conditions
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When the EINOx is plotted, for variable downstream angles, in Figure 91, the EINOx
decreases due to the asymmetry effect on the NO and NO2, where the bulk is created in
large amounts near the injector and as it is carried downstream it actually dissociates and
the resulting EINOx is lower. For large angles on the downstream however, due to an
extended recirculation zone, the NO has longer residence time in the flame thus, larger
values measured near the nozzle, with the largest value for perpendicular injection at
45°x90°. As the vortices in the wake of the injector breakdown, the NOx values enlarged in

the wake of the injector due to the turbulence effect, and lowered near the nozzle.

Preliminary conclusions for this configuration include:

e Flame asymmetry caused by larger angles on the upstream coupled with large
angles on the downstream create more NOx in the area, and is consumed
faster downstream, generating lower NOx overall.

e The angles have little influence on the combustion efficiency near the nozzle,
when the maximum values move closer to the injector.

e Heat loss increases with larger downstream angles.

Figure 105 present the temperature field distributions, on the top, and velocity fields, on
the bottom, for upstream angles of 60°. Figure 106 presents an enlargement of the injector
region for the temperature field, on the left, and velocity vector distribution, on the right
side for the same configurations. In Figure 105 and Figure 106, from a, to f, the downstream
angles increase from 10° (a) to 120° (f). As fuel is pushed with a larger angle towards the
walls seen in Figure 105-a, and Figure 106-3, it is carried by the incoming airflow, mixing and
producing higher heat loss at the walls. When the angle are increased on the downstream
side, the recirculation zones in the wake of the injector are smaller, forced by the
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overlapping injection fronts (fuel injected by the upstream and downstream injection
holes)on the upper side and lower side of the combustor. By increasing the velocity in the

area, so does the temperature and implicit heat loss at the walls.

When the temperature is plotted for the length of the combustor vs. the heat loss in the
chamber, observed in Figure 95, the mixture yields the highest temperature near the
injector. The heat loss, due to small angles on the downstream is relatively small near this
area, compared with the rest of the chamber. In the figure, configurations with fixed
downstream angles of 10° have been added for comparison. Higher angles on the upstream
enhance mixing, seen in Figure 96, on the upper and lower sides of the combustor and as a
result the local temperature increased. With this rise, an increase in the heat loss is observed
as well. As the flame evolves downstream, the average temperature decreases due to a
dilution of the mixture by lower local equivalence ratio, after which the average
temperature reaches a plateau faster for larger angles on the upstream, partly due to
smaller recirculation zones. The heat loss, following the same arguments, slowly decreases in
the chamber as the temperature decreased near the injector, and continued to decrease

even as the temperature remained constant due to a decrease of the local equivalence ratio.

145



Temperature, K
2300.000
2175.000
2050.000
1925.000
1800.000
1675.000
1550.000
1425.000
1300.000
1175.000
1050.000
925.0000
800.0000
675.0000
550.0000
425.0000
300.0000

Velocity, m/
1235.993
1158.801
1081.608
1004.416
927.2239
850.0317
772.8395
695.6474
618.4552
541.2630
464.0709
386.8787
309.6865
232.4943
155.3022
78.10998
0.917804

N

Figure 104 Temperature and velocity distribution field for constant upstream angle
of 60° at fuel-rich conditions
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Figure 105 Enlarged temperature field distribution and velocity vector distribution
near the injector for constant upstream angles 60° at fuel-rich conditions

When the angles increase on the downstream, seen in Figure 105 and Figure 106-b, the
injected fuel from the downstream pair, is carried closer to the walls of the combustor
increasing the heat loss and due to the effect of a single recirculation zone, decreases the
local temperature in the area, lowering the average temperature. Another effect of larger
angles downstream is that the major recirculation zone in the wake of the injector has its
epicenter, this time closer to the injector. The average temperature and heat loss for a
60°x30° configuration is presented in Error! Reference source not found., alongside the
ther configurations with constant upstream angles. With larger angles and on the
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downstream, similar behavior is observed as for the previous configurations, higher
temperature on the side walls and lower temperature near the middle of the chamber. The

lower temperature regions are due to the presence of the recirculation zones, and as they
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Figure 106 Average temperature (left side) and heat loss (right side) in the combustor for
constant upstream 60° and variable downstream angles at fuel-rich conditions

increase with increasing downstream angles.

For a configuration of 60°x45°, shown in Figure 105 and Figure 106-c, a similar trend to
the previous configuration is observed. With larger angles, the downstream 1% recirculation
zone actually becomes larger as its epicenter moves farther from the injector, observed in
Figure 105 and Figure 106-b, and -c. This allows for a larger area in the center of the flame,
where the temperature is lower and smaller areas on the sides, in contact with the walls.
Due to this effect, the local equivalence ratio decreases, and so does the average
temperature in the chamber seen in Error! Reference source not found., on the left side.

he average temperature and heat loss for this configuration is presented in Error! Reference

source not found..
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Due to larger angles on the downstream and an increasing recirculation zone in the wake
of the injector, the average temperature actually decreased. The heat loss is higher near the
injector, however due to the flow-induced, downstream recirculation zone, the heat loss

decreased farther downstream.

When angles are increased to 60° on the downstream injection holes, shown in Figure
105 and Figure 106-d, heat loss increased in the area, but only slightly, shown in Error!
Reference source not found., right side, and due to the larger angles downstream, the first
recirculation zones in the wake of the injector becomes more coherent, with its epicenter
closer to the injector. The average temperature and heat loss plot for a 60°x60°

configuration is shown in Error! Reference source not found., as inverted [teal] triangles.

When the downstream angles are increased to 90°, a direct effect of this is larger
heat loss associated, not only in the injection area, but overall, as more fuel is injected
directly at the walls. The second visible effect is that the flame temperature is higher, farther
downstream of the injector, than near the injection holes. This is a result of the 2"
recirculation zone that breaks apart from the 1% one and moves farther downstream, shown
in Figure 106-e. Due to this enlargement, larger amounts of unburned gases are trapped and
the local temperature decreases, shown in Figure 106, left side. The average temperature

and heat loss in the combustor is shown in Figure 106.

When the downstream angle is increased to 120°, seen in Figure 105-f and Figure 106-f,
the large recirculation zone, (1 — near the injector) broke down into smaller, symmetrical
vortex structures. Due to these vortex structures, the high temperature part of the flame is
on the sides of the combustor walls. The average temperature and heat loss plot, in the

combustor for 60°x120° configuration is presented in Figure 106. Due to the large
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recirculation zones in the wake of the injector, the average temperature near the injector is

lower, and later it increased.

The average temperature for constant upstream angles of 60° decreased as angles
increased on the downstream side, with an enlargement of the vortices in the wake of the
injector that caused a decrease in the local equivalence ratio. The heat loss, on the other
hand increased slightly with larger downstream angles, due to direct injection at the walls,

with only small differences induced by the downstream angles at such a high upstream angle.

Figure 107 presents the chemical heat release plotted for constant upstream angles of
60°. When the downstream angles were varied, the heat release in the chamber decreased
as a result of a decrease in the local equivalence ratio. The OH concentration in the flame, in
Figure 108-a, is higher for a 60°x10°, when the heat release is maximum and the local
equivalence ratio is highest. In Figure 108-b, -c and -d, the concentration of H2, 02 and N2 is

plotted for different downstream angles, when the upstream angle is fixed at 60°.
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rich conditions
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From the H2, 02 and N2 concentration we see that a large part of the radicals are
consumed near the higher upstream angles, and the rest around the downstream injection
holes. When the angles increase on the downstream side, the large bulk of the radicals are
consumed near the downstream injection holes. There is a large variation of N2 farther

downstream as an effect of vortex breakdown seen in Figure 105 and Figure 106-d.

Figure 86 presents the total heat loss plotted for variable downstream angles with fixed
60° upstream injection. The total heat loss is seen to increases, as the angles increase on the
downstream side. Larger angles on the downstream as seen from Figure 106-b, create
recirculation zones that enlarge and later expand farther in the combustor, which “force”
the high temperature part of the flame to be in longer contact with the walls of the
combustor which add up to larger heat loss in the chamber. Although there are small
differences for 60°x60° and 60°x90° configurations, these are mainly related to the vortices
in the wake of the injector, as one is due to a coherent central vortex in the wake of the
injector, and the latter, due to a division of this recirculation zone into smaller vortex

structures.

Figure 109 presents the combustion efficiency for constant upstream angles of 60° and
combustor length on the right side using the enthalpy approach (-a), the left side presents
the chemical heat release approach (—b). For higher angles on the upstream, the peak of the
combustion efficiency is found closer to the injector around 80 mm from the inlet, which led

to a larger temperature difference of about 100-170 K.

151



OH radical [mass fraction

0.00035 - b

0.00030
0.04 - ®
0.00025 - : ! .
—=—60°x10° | § = = 60°x10°
0.00020 o 60°x30° 5 0.03 : BO:xSD:
—A—60°x45° | » : oot
5 o o - v °x60°
© |
0.00015 - : gg°xgg° £ > <« 60°x90°
X g i »— 60°x120°
> 60°x120° | = |
0.00010 g |
5 TR
O 0.014 ¥ |
c |
0.00005 5 I |
5] 1
o™
g | L
0.00000 000{ ssss s Bsssssssssssssss
-0.00005 . . . T T y J v )
: X a0 = 40 60 80 100 120 140
Combustor length [mm]
Combustor length [mm]
0.8+
025 =
07 **¥%
0204 }“\' = 2—00“‘-‘—‘““‘ c 064 R .
5 “ )/ £ =—60°x10°
3 \ 1/l & os] | ¥ e 900,
< 0.15 1 ‘ C 3 | 4—60°x45°
8 ‘ E 0.4 4 | v 60°x60°
: — ' <« 60°x90°
= § o034 ‘ > 60°x120°
S 010 z \ ===
= £
E | = 60°x10° § 021 IR ‘::it"
“ o, ° c | - <
£ oos- | b 8 01 [ ¥se* seiilieiies
: | v 60°x60° 2 [ [ e TS Ll =
e} j > <« 60°X90° 00+
0.00 o »— 60°x120°
01 T T T T T 1
T T T T T 1 40 60 80 100 120 140
40 60 80 100 120 140

Combustor length [mm]
Combustor length [mm]

Figure 108 OH-a, H2-b, 02-c and N2-d average radical concentration [mass fraction]
for 60° constant upstream angles at fuel-rich conditions
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In Figure 110, the values of combustion efficiency near the nozzle (as done in
experiments) are plotted for variable downstream angles. The combustion efficiency for
constant upstream angles of 60°, due to the presence of the recirculation zones, and the
small difference in temperature caused by these vortices, reaches similar values near the
nozzle. The effect of the angles is situated closer to the injector, thus having little influence
on the nozzle temperature. However, when the heat release is considered, higher angles on
the downstream side, decrease the combustion efficiency with almost 10%, providing an

independent solution.

1.00 — . 1.00
0.95 4 L 0.95
= 1 L O
5 o
T 0.90 090 3
2 .\ e
[N . L
a e —| - 2
0.85 - 085 ©
< \l >
~ - @
> = =
2 080 080 3.
Qo €]
o . -
e Q
% 0754 -0.75 =
c vy}
S 1 L o
@ 0.70 -0.70 B
_Q -
S 065 065 =
0.60 e — 0.60
0 20 40 60 80 100 120

Downstream angle [°]

Figure 110 Overall combustion efficiency using the two approaches,
enthalpy difference (black line) and chemical heat release (blue line)
for constant upstream angles of 60°

Figure 111 presents the NO and NO2 mass fraction plotted in the length of the
combustor for variable downstream angles at constant upstream angles of 60°. The
configuration that creates the largest amount of NO and NO2 is found for the configuration

with the lowest combustion efficiency, i.e. 60°x90°. As in the previous configuration, when

153



angles increase on the downstream, larger vortices form in the wake of the injector, leading

to larger amounts of NOx produced in the chamber.
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Figure 111 NO and NO2 mass fraction distribution in the combustor for constant 60°
upstream injection at fuel-rich conditions

When the EINOXx is plotted for variable downstream angles, shown in Figure 123, the
EINOx decreases, as the overall temperature in the chamber, decreased with lower local
equivalence ratios. The bulk is created in large amounts near the injector, and as it is carried

downstream, it actually dissociates and the resulting EINOx is lower.

Preliminary conclusions for this configuration include:

e Flame asymmetry caused by larger angles on the upstream coupled with large
angles on the downstream create more NOx on the lower side of the chamber.

e Higher downstream angles decrease the flame temperature and combustion
efficiency.

e Heat loss increases with larger downstream angles.

e NOis created in the post-flame region and increases downstream in the

combustor.
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e The concentration of NO2 decreased significantly in the wake of the injector,
in the post-flame region, and was coincident with a corresponding formation

of NO.

4.4.2.2. Constant downstream combustion

Figure 112 presents the temperature on top, and velocity distribution field, on the
bottom, for constant downstream angles of 30°. In Figure 113 the enhanced views of
temperature fields on the left side, and velocity vector distribution, on the right side, for the
constant downstream angle of 30° are presented. In Figure 112 and Figure 113, from —3a, to -
¢, the downstream angles increase from 10° (Figure 112-a) to 120° (Figure 113-c). When the
downstream angles are kept constant, the flame shape changes from a cone shaped flame
for small angles seen in Figure 112 and Figure 113-a, and a rectangular shape for large angles
seen in Figure 112 and Figure 113-c. The main factors that have a large influence on the flow
behavior are the vortices that form on the upper side and lower side of the injector, near the
upstream injection holes. The vortices that form near the upstream injection holes are
shown in Figure 112-a, -b and -c for 10°x30°, 90°x30° and 120°x30° configurations. As the
angles increase the vortices increase in size, and when the injection is perpendicular, due to
the size of the angles on the upstream side, small vortices start forming at the base of the
injection hole and increase with increasing angles on the upstream side. These, not only
lower the local equivalence ratio by trapping unburned oxygen that have a lower

temperature, but also help increase the NOx formation.

For a 10°x30° configuration, seen in Figure 112 and Figure 113-3, the flame is
concentrated in the axial direction in the wake of the injector. Given the axial flow velocity
and large injection velocity of fuel coming from the upstream injection pair, the flame is
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concentrated in the axial direction on the upper and lower sides of the injector. The average
temperature and heat loss in the combustor for this configuration is plotted in Figure 114.
The temperature reaches a maximum point farther away from the injector, when the flow
has cleared the recirculation zones that formed in the wake of the injector. Due to these
recirculation zones, heat loss rises, and later as the mixture proceeds downstream, the heat

loss decreases with a decrease in average temperature.

When the upstream angles increase to 30°, 45° and 60°, the effect is presented in the

previous section 4.4.2.1.

When the angles are set to 90° upstream shown in Figure 112 and Figure 113-b, the
perpendicular injection is clearly observed through the flame shape and the flame is

assumes a rectangular shape.

For large angles on the upstream, and the presence of the lower side and upper side of
the injector vortices, small vortices start forming at the base of the injection holes, which
create a cold region between the fuel injected from the upstream injection holes and the
one coming through the downstream injection holes. These small vortices are shown in
Figure 115, where velocity vector distribution is presented for comparison for a 60°x30° and
90°x30° configuration. Due to the recirculation zone forming in the wake of the injector
caused by large angles on the upstream, the flame fronts expand in the chamber farther
downstream, diluting the mixture and lowering the flame temperature, shown in Figure 116-
a. The perpendicular injection increases the heat loss at the walls and as the mixture
proceeds downstream, the heat loss decreases with the decrease of temperature of the

flame, shown in Figure 114 through the average temperature and heat loss plot.
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Figure 112 Temperature and velocity distribution field for constant downstream
angle of 30° at fuel-rich conditions

Figure 113 Enlarged temperature field distribution and velocity vector distribution near
the injector for constant downstream angles 30° at fuel-rich conditions

157



For upstream angles on 120°, seen in Figure 112 and Figure 113-c, the vortices that form
in between the injection holes enlarge, and through their size, lower the local equivalence
ratio, shown in Figure 116. The local equivalence is highest when fuel from the upstream
injection holes and downstream injection combine for a 10°x30° configuration. As angles
increase on the upstream side, the local equivalence ratio decreases reaching minimum

values for high upstream angles, i.e. 90° and 120°, when the vortices between the injection

holes dilute the mixture.
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Figure 114 Average temperature (left side) and heat loss (right side) in the combustor
for constant downstream 30° and variable upstream angles at fuel-rich conditions

These small vortices forming from deflected flow from the walls, caused by high
upstream angles, grow in size with increasing angles on the upstream until they reach a
maximum tolerant shape for angles of 45° on the upstream. Beyond this value, they seem to
decrease in shape, because small vortices start forming at the base of the injection holes. As
angles increase on the upstream the deflected flow vortices shrink and the vortices between
the injection holes increase in size. The average temperature and heat loss in the combustor

for 120°x30° configuration is presented in Figure 114.
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Figure 115 Vortex formations between injection holes for a 60°x30° and a 90°x30°
configuration at fuel-rich conditions shown through velocity vector distribution
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Figure 116 Local equivalence ratio for unburned products, for constant downstream
angles and variable upstream angles in the wake of the injector

The flame temperature is highest around the injector, when locally the equivalence ratio

is increased, shown in Figure 116, and later as the equivalence ratio drops, so does the
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temperature of the flame. The heat loss is highest, near the upstream injection holes, due to

the large angle of injection, after which, it decreased.

The average temperature in the chamber is plotted for the entire combustor at
variable upstream angles and a fixed upstream angle of 30° in Figure 114. Smaller angles on
the upstream side create recirculation zones in the wake of the injector, which reduce the
temperature in the area. However, later downstream as the vortices breakdown, flame
temperature increases. For high upstream angles, on the other hand, the temperature has a
maximum value around the injector, after which is gradually decreased in the chamber.
From the temperature plot, we see that the maximum temperature is almost similar for all
configurations, however, the effect of the upstream angles is much more pronounced,
especially for low upstream angles when the temperature drop is large. The temperature

gap for a fixed upstream angle varied from 30 to 150 K.

In Figure 117, the chemical heat release is plotted for constant downstream angles of 30°.
When the downstream angles were kept constant, the heat release decreased as the
upstream angles became larger. Due to an enlargement of recirculation zones near the

upstream injection holes, the local equivalence ratio decreases.

The heat release seems to have the highest value for a 10°x30° and 30°x30°
configurations when, due to an almost parallel injection (not exactly parallel, due to the
effect of the axial velocity and interference of the injection pairs), fuel is injected in the axial
direction, maximizing the spread and enhancing the mixing. For the other configurations, the

large vortices trap unburned air which lowers the local equivalence ratio.
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Figure 117 Chemical heat release for constant 30°
downstream angles at fuel-rich conditions

The OH radical variation with increasing upstream angles for constant downstream
angles 30° at fuel-rich conditions is presented in Figure 118-a. In Figure 118-b, -c and -d, the
concentration of H2, 02 and N2 is plotted for different downstream angles, when the

downstream angle is fixed at 30°.

The heat release is maximum when the OH radical production is highest, seen in Figure
118-a. As the angles increase on the upstream, most of the combustion takes place near the
upstream injection seen through the consumption of 02 and N2 radicals in Figure 118-c and
—d. The hydrogen consumption is highest near the upstream injection holes, which is being

supplied by high upstream angles.

Figure 119 presents the total heat loss plotted this time for the variable downstream
angles. The total heat loss is seen to increases as the angles increase on the upstream side,
similar with the previous configurations. For constant downstream of 30°, the increasing
angles on the upstream side by pushing more fuel towards the walls, increase the mixture’s
contact with the walls of the combustor and as this happens the vortices near the upstream
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injection holes increase in size, reaching a maximum size, before moving in between the
injection holes at 90° on the upstream. As they move there, the heat loss decreases a little

as the temperature of the flame decreases.
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Figure 118 OH-a, H2-b, 02-c and N2-d average radical concentration [mass fraction]
for constant 30° downstream angles at fuel-rich conditions

Figure 120 presents the combustion efficiency for constant downstream angles of 30°
and combustor length on the right side using the enthalpy approach (-a), the left side
presents the chemical heat release approach (—b). When angles increase on the upstream
side, the combustion efficiency, evaluated as the enthalpy difference, is seen to increase, as
the fuel injected from both pairs, interacts and mixing is enhanced. The configuration
45°x30°, however, shows a dip in combustion efficiency. From Figure 112 and Figure 113-3,

and —b, the flame becomes thicker, with fuel being injected almost parallel.
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Figure 120 Combustion efficiency for constant downstream 30° angles at fuel-rich

conditions

This decrease in temperature, and subsequent combustion efficiency, is related to the

fact that when the flame fronts enlarge, the flame expands in the chamber, which in turn

lowers the local equivalence ratio and the temperature drops relatively faster. The

combustion efficiency increases slightly as angles increase on the upstream side, however,

from Figure 121; we see that the variation is almost negligible. Using this evaluation, we

observe that combustion efficiency does not depend on the upstream angles. On the other

hand, when the heat release evaluation is used, there is a clear decrease in combustion

163



efficiency as the angles increase on the upstream side. As explained in the previous sections,

when angles increase, recirculation zones increase in size, the local equivalence ratio

decreases, resulting in lower heat release and lower flame temperature.
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Figure 121 Overall combustion efficiency using the two approaches, enthalpy difference
(black line) and chemical heat release (blue line) for constant downstream angles of 30°

Figure 122 presents the NO and NO2 mass fraction plotted in the length of the
combustor for variable upstream angles at constant downstream angles of 30°. The NO
forming from upstream angles seem to increase slightly due to an enlargement of the
recirculation zones, where more oxygen is trapped allowing for more NOx formation. There
is a single exception, for a 45°x30° configuration has an increased production of NO and NO2
due to the flame shape. This angled configuration allows for an asymmetric flame on the
upper side, that enhanced mixing, and through the recirculation zone in the wake of the

injector, through the added local turbulence, enhances the production of NOx.
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Figure 122 NO and NO2 mass fraction distribution in the combustor for constant
downstream angles fixed at 30°

For this configuration the bulk of NO and NO2 is formed on the wake of the injector,

after which it dissociates in the chamber. The other configurations, have a gradual increase

in NO and NO2 concentration in the chamber as the mixture encounters new pockets of

unburned oxygen, or through relative chemical dissociation and recombination.

When the EINOx is plotted, for variable upstream angles, in Figure 123, it varies quite a

lot, and we can see that it is very dependent on the size of the vortices and flow behavior

induced by the injection angles. For constant downstream angles of 30°, the NOx production

decreases as angles increase, when the recirculation zones on the upper and lower side on

the injector increase, observed in Figure 113. Due to a direct influence of the axial velocity,

and a lower temperature in the area, the NOx are not produced. As the recirculation zones

“move” in between the injection holes, observed in Figure 113, and enlarge, oxygen is

trapped in the center of the vortex. The vortex being in between the injection holes helps

the reaction create large amounts of NOx. Another effect that increases the EINOx for larger

upstream angles, is the strong asymmetry effect induced in the flow.
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Figure 123 EINOXx for constant downstream angles at
fuel-rich conditions
When the angles are increased on the downstream side to 45°, as observed in Figure 125
and Figure 124 through respective temperature and velocity vector distribution fields, the
effect is similar to that of the above case only more pronounced. Fixed larger angles on the
downstream with increasing angles on the upstream create a larger flame, that due to the

large angles downstream, flow is reflected from the walls and flame temperature is affected

farther downstream in the chamber.

For a 10°x45° configuration, shown in Figure 125 and Figure 124-a, the effect of larger
angles downstream, compared with the previous configuration is larger vortices that form in
the wake of the injector. The average temperature for this configuration is presented in
Figure 126, compared with the previous configurations. When the angles are increased on
the downstream for similar low angles on the upstream 10°, due to an enlargement of
recirculation zones in the wake of the injector, after they broke down, the local equivalence
ratio actually increased on the area, and as a result the average temperature increased in
the area. The heat loss for these configurations are presented in Figure 127, and as the
previous figure, about temperature, the heat loss varies significantly with increasing

downstream angles, due to an increase in injection angles.
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The fuel mixes near the downstream side and is consumed farther on. As the flame
proceeds in the chamber, the temperature drops to a plateau value. The heat loss increases

at the walls from the expanding heat in the chamber, increasing to a plateau near the nozzle.

When the upstream angles increase to 30°, 45° and 60°, the effect is presented in the

previous section 4.4.2.1.

When the angles are set to 90° upstream shown in Figure 125 and Figure 124-b, the
perpendicular injection is clearly observed through the flame shape due to large
recirculation zones in the wake of the injector, and on the upper and lower side of the
injector. This actually decreases the temperature of the mixture, as the local equivalence
ratio is expected to be diluted, shown in Figure 128 through average temperature in the

combustor for constant 90° on the upstream and variable downstream angles.

The associated heat loss in the combustor for this configuration is shown in Figure 127.
The perpendicular injection increases the heat loss at the walls and as the mixture proceeds
downstream, the heat loss decreases with the decrease of temperature of the flame. For the
90° injection angle on the upstream, when injection is on the upstream, the heat loss is

highest.

For upstream angles on 120°, seen in Figure 129-a, and —b shows the average
temperature and heat loss in the combustor, in comparison with the previous configurations.
The recirculation zone in between the injection holes, become more pronounced, where the
azimuthal velocity is assumed to have increased. The average temperature and heat loss in
the combustor for 120°x30°, 120°x45° and 120°x60° configurations is presented in Figure
129. The average temperature is seen to decrease with larger downstream angles, and thus

the heat loss associated with hotter flames is actually lower.
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Figure 125 Temperature and velocity distribution field for constant downstream angle
of 45° at fuel-rich conditions

Figure 124 Enlarged temperature field distribution and velocity vector distribution near
the injector for constant downstream angles 45°
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— Figure 127 Average temperature in the combustor for 90°x30° (black points),
90°x45° (red points) and 90°x60° (blue points) at fuel-rich conditions

The average temperature for constant downstream angles of 45° in the chamber is
presented in Figure 130. The temperature actually increases with larger upstream angles
after in the injector area, but decreases due to larger vortices that form on in the wake of
the injector, later downstream. The temperature gap for a fixed upstream angle of 45°

varied from 30 to 150 K with smaller differences for larger upstream angles.

In Figure 131, the chemical heat release is plotted for constant downstream angles of 45°.

The heat release is highest when the downstream angles are small i.e. 10°. When the
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upstream angles increased, the heat release decreased as the local equivalence ratio

decreased, shown in Figure 131.
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Figure 128 Local equivalence ratio for unburned products, in the wake of the
injector for variable downstream angles at fuel-rich conditions
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The local equivalence ratio around the upstream injection holes and downstream

injection holes is shown in Figure 128.

Figure 119 presented the total heat loss plotted this time for the variable downstream

angles. The total heat loss follows a similar trend as that of fixed downstream angles of 30°

’
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shown in the same figure. The heat loss increases as angles increase on the upstream and

the heat loss associated is higher as downstream angles increase, shown in Figure 129.

Figure 132 presents the combustion efficiency for constant downstream angles of 45°
and combustor length on the right side using the enthalpy approach (-a), the left side
presents the chemical heat release approach (—b). When higher angles are set for the
downstream pair, the combustion efficiency, using the enthalpy approach, increases until it
reaches a plateau, after which larger angles on the upstream lower the local equivalence
ratio and temperature, which lead to decreasing combustion efficiencies. From the nozzle
combustion efficiency, the efficiency varies only about 3%, where due to the recirculation
zones and asymmetry in the flame, the efficiency varies little. The heat release approach

shows a decreasing trend as angles increase on the upstream side.
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Figure 132 Combustion efficiency for constant downstream 45° angles at fuel-rich conditions

Figure 133 presents the overall combustion efficiency near the nozzle, evaluated using
the two approaches. As in the previous configuration, as angles on the upstream increase,

the efficiency decreases with almost 10%.
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Figure 134 presents the NO and NO2 mass fraction plotted in the length of the
combustor for variable upstream angles at constant downstream angles of 45°. For the
30°x45° configuration, due to the presence of the ramp-shaped nozzle, asymmetry in the
flame is observed through the recirculation zones. This asymmetry favored the upper side
where larger vortices occur. These larger structures trap larger amounts of 02, leading to

larger amounts of NO and NO2 in the area. As a result, flame-formed NO and pre-flame NO2,
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Figure 134 NO and NO2 mass fraction distribution in the combustor for constant

downstream angles fixed at 45°
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increased as the separate flame fronts created their separate NOx, independent, which by

not being in a single flame front, does not dissociate and recombine as easily.

The EINOx, plotted in Figure 123, increases with larger upstream angles, albeit a 30°
configuration on the upstream. As seen previously the bulk of the EINOx is given by the
recirculation zones. When the angles increased to 120° on the upstream, due to the
rarefication of the flame, and subsequent dilution, the NOx production was inhibited and the
resulting EINOx decreased. Small downstream angles have little influence on the creation of
NOx; however, larger angles on the downstream when the upstream angles increase, due to

the flame shape and equivalence ratio, produce more NOx in the chamber.

Figure 135 and Figure 136 present the temperature, on the top and velocity distribution
fields, on the bottom, variable upstream angles, and enhanced temperature fields, on the
left side, and velocity distribution fields, on the right side, from a to c for 10° to 120° on the
upstream. Larger angles on the downstream push a bigger amount of fuel towards the walls
which either flows along the walls of the combustor, or are deflected and unite towards the
middle of the combustor on the axial direction. More reflected flow yielded higher heat loss.
As seen in previous configurations, when angles increase on the upstream and downstream,
the recirculation zones compress in the wake of the injector, which increases heat loss
increased near the injector, and decreased later downstream. The average temperature
decreased due to an increase in the dilution-induced effect of the recirculation zones, seen
in Figure 137. The average temperature and heat loss is presented in comparison with
previous configurations with the same angles on the upstream angles, shown in Figure 127.
The average temperature and heat loss in the combustor is plotted for 10° angles on the

upstream and variable downstream angle shows the effect of this diffusiveness. The
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temperature decreased in the immediate wake of the injector, but due to the flow being

injected towards the walls, it was higher farther downstream. The heat loss is high in the

area, however, due to large recirculation zones, is it slightly lower than for lower angles on

the downstream. When the upstream angles increase to 30°, 45° and 60°, the effect is

presented in the previous section 4.4.2.1.
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Figure 135 Temperature and velocity distribution field for constant downstream angle

of 60° at fuel-rich conditions

From Figure 135 and Figure 136-b, 90° upstream angles, are more pronounced than the

previous configurations due to larger vortices in between the injection holes on the

upstream and downstream. The average temperature and associated heat loss in the

combustor for this configuration is shown in Figure 127. Due to lower equivalence ratio, the

average temperature decreased, thus having a small heat loss in the chamber.
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Figure 136 Enlarged temperature field distribution and velocity vector
distribution near the injector for constant downstream angles 60°

For upstream angles on 120°, seen in Figure 135 and Figure 136-c, the vortices that form
in between the injection are not influenced by the increasing downstream angle, however,
the recirculation zone in the wake of the injector becomes more pronounced, where the
azimuthal velocity is assumed to have increased. The combustion takes place in the same
separate flame fronts, however, due to larger angles on the downstream, the heat loss
increases in the area. The average temperature and heat loss in the combustor for 120°x30°,
120°x45° and 120°x60° configurations is presented in Figure 129. The average temperature
is seen to decrease by the effect of these recirculation zones, with larger downstream angles,

and thus the heat loss associated with the flames, decreased as well.

The average temperature in the chamber is plotted for the entire combustor at

variable upstream angles and a fixed upstream angle of 60° in Figure 137.
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Figure 137 Average temperature in the combustor for fuel-rich at constant
downstream 60°

The temperature in the chamber increases with larger upstream angles with a maximum
overall found for 45°x60° near the injector, and later for a 120°x60°, due to vortex
breakdown downstream of the injector, the local equivalence ratio increased. The

temperature gap for a fixed upstream angle of 60° varied from 80 to 140 K.

Figure 138 presents the chemical heat release for variable upstream angles with fixed
downstream angles of 60°. As the angles increase, due to the flow changes induced by the
angles, the decrease of local equivalence ratio and flame temperature, the heat release

decreases.

Figure 119 presented the total heat loss plotted this time for the variable downstream
angles. The heat loss increases as angles increase on the upstream for a 60°x30°
configuration, however, as angles increased, the recirculation zones in the wake of the
injector enlarged. Due to a lower equivalence ratio overall, the total heat loss decreased

with larger angles upstream for constant downstream angles of 60°.
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Figure 139 presents the combustion efficiency for constant downstream angles of 60°
and combustor length on the right side using the enthalpy approach (-a), the left side

presents the chemical heat release approach (-b).
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Figure 138 Chemical heat release for constant 60° downstream
angles at fuel-rich conditions
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When higher angles are set for the downstream pair and the upstream angles increase,
the using the enthalpy approach, the combustion efficiency increases until it reaches a
plateau, after which larger angles on the upstream lower the local equivalence ratio and
temperature, which lead to decreasing combustion efficiencies. From the nozzle combustion
efficiency, observed in Figure 140, the efficiency varies only about 3%, where due to the
recirculation zones and asymmetry in the flame, the efficiency varies little. As the angles
increase on the downstream, the combustion efficiency decreases in the chamber. The
variation is larger when the combustion efficiency is estimated using the chemical heat

release approach i.e. 10%.
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Figure 140 Overall combustion efficiency using the two approaches, enthalpy difference
(black line) and chemical heat release (blue line) for constant downstream angles of 60°

Figure 141 presents the NO and NO2 mass fraction plotted in the length of the
combustor for variable upstream angles at constant downstream angles of 60°. For the
30°x60° configuration, due to the presence of the ramp-shaped nozzle, asymmetry in the
flame is observed through the recirculation zones. The two configurations that generate the

higher asymmetry in the flame, due to this exact effect, generate the largest amount of NO
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near the injector, after which the NOx production decreases downstream. The NO2, on the
other hand, as seen from Figure 141, is produced earlier in the combustor but follows the
same trend as the NO production, for the same reasons. This asymmetry favored the upper
side where larger vortices occur. These larger structures trap larger amounts of 02, leading
to larger amounts of NO and NO2 in the area. As a result, flame-formed NO and pre-flame
NO2, increased as the separate flame fronts created their separate NOx, independent, which

by not being in a single flame front, does not dissociate and recombine as easily.
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Figure 141 NO and NO2 mass fraction distribution in the combustor for constant
downstream angles fixed at 60°

The EINOx, plotted in Figure 123, increases with larger upstream angles, albeit a 30°
configuration on the upstream. As seen previously the bulk of the EINOx is given by the
recirculation zones. When the angles increased to 120° on the upstream, due to the
rarefication of the flame, and subsequent dilution, the NOx production was inhibited and the
resulting EINOx decreased. Increasing the upstream angles at large downstream angles,
decrease with the decrease of temperature. However, larger angles on the downstream
when the upstream angles increase, due to the flame shape and equivalence ratio, produce

more NOXx in the chamber.
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The following conclusions can be drawn from the study performed so far:

Configurations with larger angles downstream generate more NOXx.
Upstream angles have little influence on the production of NOx for small

downstream angles.

As angles increase on the downstream, large eddy formations that precede the

upstream injection holes, lower the combustion efficiency.

As angles increase on the downstream, large vortices formations that precede the

upstream injection holes, lower the combustion efficiency.

Combustion efficiency has a peak when the vortices that precede the upstream

injection holes as well as vortices between the injection holes are small.

As the angles increase on the downstream, the combustion efficiency decreases

in the chamber.
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4.5. NOx sensitivity analysis

In the previous sections, the combustion characteristics of various angled configuration
have been investigated in terms of heat loss, combustion efficiency and NOx production.
Based on the results we have obtained we start now to consider the most important
configurations. Once a single configuration has been determined a sensitivity study will be
made to determine the NOx formation steps and routes that are important in the
combustion process.

A sensitivity analysis is performed in order to determine the rate-limiting reactions and
mechanisms in the formation of NOx. Since NOx are becoming increasingly regulated 3 an
understanding of the formation mechanisms that take part is necessary. Bowman et al. 84
introduced a discussion on the current (at the time) and future control technologies of NOx.

In Figure 142 and Figure 143 the EINO, EINO2 and EINOx are presented for constant

upstream angles and constant downstream angles, respectively, in relation to the variable

angles on the downstream and upstream respectively.
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Figure 142 EINO a), EINO2 b), and EINOx c), plotted for variable downstream angles when
the upstream angles are kept constant

From Figure 142, the configurations with the lowest amount of NOx exhausted in the

burned gas are 45°x30°, 45°x45°, 60°x45°, 60°x60°, and 60°x120°, that have the lowest NOx
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content per kilogram of fuel injected at fuel rich conditions. When compared with the
combustion efficiency for each configuration arranged in Figure 143, the combustion
efficiency is highest for angles smaller than 60°. As a result, 60°x120° is neglected. Using the
combustion efficiency approaches, we observe that higher values are found for 60°x10°,
B°x30° and 3°x45°. Comparing these results with the previous data, three configurations

stand out: 45°x30°, 45°x45°, and 60°x45°.
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Figure 143 EINO a), EINO2 b), and EINOXx c), plotted for variable upstream angles when the
downstream angles are kept constant

From Figure 143, for constant upstream angles, lower EINOx configurations are
30°x30°, 30°x45°, 45°x30°, 60°x45° and 60°x60°. Comparing these configurations with the
combustion efficiency, the largest values near the nozzle are given by 10°x68°, 30°x30°,
30°x45°, 45°x30°, 45°x45°, 45°x60° and 60°x45° configurations. However, as stated in the
introduction, the optimal configuration has to yield low heat loss, high combustion efficiency
and low NOx in the exhaust gas. As a result, 30°x30°, 30°x45°, 45°x30° and 60°x45° remain
viable solutions. When the solutions from both cases are compared, two are found in both
situations: 45°x30° and 60°x45°. The configurations 45°x30° generate high asymmetry in the
chamber that creates high NOx near the injection zones, which affect the flame shape. As a
result, one configuration is found to satisfy all the conditions i.e. low NOx, high combustion

efficiency, low heat loss - 60°x45°.
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Experiments performed so far®* have determined that the 60°x45° is preferred in so far
as it more stable than when downstream angles are increased. Following these arguments, a
NOx sensitivity analysis is performed for the 60°x45° configuration to determine the
sensitive reactions in the combustion process of the PCTJ.

Figure 145 presents the influence of enlarged reaction rate coefficients on the NOx
production for a 60°x45° configuration at fuel-rich conditions. The simulations are
performed using 188 elementary reactions accounting for 28 chemical species. In Figure 145,
only the reaction that have at least a 20% effect on the NO and NO2 are presented. The
horizontal axis presents the sensitivity index, while the vertical axis at Y=1, represents the
standard mechanism. The normalized values of the reaction are presented on the left and
right side, depending on the value of the resulting NO / NO2.

The NO sensitivity study presented here is a propulsion study and not a chemical
reaction study. For more information on the behavior of hydrogen/air flames | would refer
the reader to studies done by Dixon-Lewis et al.®. Detailed hydrogen combustion research

has been conducted for rich hydrogen/air or hydrogen/oxygen flames by many authors in
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the past from works of Goyal el al.® or He et al.*’. Numerous studies have investigated the
sensitivity analysis of hydrogen/air flames ’®** 7! being just a few mentioned. In the present
study, we shall show the important reactions that influence the production / consumption of

NOx in the combustor for a fixed configuration.

A list of important reactions and the significance of their importance is presented in
table 7

Sensitivity Index

Vs %0 5e S0 % 70 %s % % o 75 ~0 Se Yo Y Yo Y5 %0 %5 % %
L 1 | | 1 | | 1 | | 1 | 1 | 1 | | 1 | | ]
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Figure 145 Influence of enlarged reaction rate coefficients on the
NO/NO2 production in a 60°x45° configuration at fuel-rich conditions
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Table 7 Important reactions as a result of 10x-enlarged reaction rates

Reaction Reaction Reason for importance

number

1 H+H+M=H2+M chain initiating / chain terminating

7 H+02=0H+0 chain branching / precursor of NO through the Zel’dovich route
8 H+02+M=HO2+M formation of HO2, precursor of NO through the NO2 route

9 H+OH+M=H20+M chain terminating

10 H2+OH=H20+H chain branching / precursor of NO through the Zel’dovich route
11 OH+0OH=H20+0 chain branching

14 H+HO2=H2+02 chain initiating / formation of HO2, precursor of the NO2 route
15 H+HO2=0H+0OH precursor of NO through NO2 route

25 N2+0=NO+N main reaction in Zel’dovich route

26 N+02=NO+0O main reaction in Zel’dovich route

35 NO2+0=N0O+02 main reaction in the NO2 route

52 NH+H=N+H2 dissociation of NH from NNH / precursor to NO via the NNH route
69 NNH+M=N2+H+M redissociation of NNH / precursor to NO via the NNH route
100 N+OH=NO+H main reaction in Zel’dovich route

102 N20+H=NH+NO N20 destruction, formation of NO via the N20 route

111 NO2+OH=HO2+NO main NO2 reaction in NO2 route

112 NO2+HO2=HONO+02 main NO2 reaction in NO2 route

122 HNO+H=NO+H2 deNOx reaction (NO — HNO — N2)

158 NH+OH=HNO+H deNOx reaction (NO — HNO — N2)

163 NH+H20=HNO+H?2 deNOx reaction (NO — HNO — N2)

From the sensitivity study, and the reaction analysis, the reactions that stand out, as

more sensitive to a reaction rate enlargement, are part of the known mechanisms that from
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NO. The NO that form for this configuration are influenced by Zel’dovich mechanism that
depends on the temperature of the flame and residence time of the radical at that
temperature, and since the temperature varies little between the different configurations,
NOx formed by this mechanism is assumed to be influenced by the injection configuration to
a smaller degree. The other mechanism that seems to be of importance is the NO2 route. At
high temperatures, NO2 conversion into NO is usually rapid, due to high concentrations of
intermediate radicals.?* We have seen that due to different angles of injection on the
upstream and downstream side, vortices form and break down, either in the wake of the
injector (constant upstream angles), or in between the injection holes (constant downstream
angles). Also, since NO2 is seen to form in the center of these vortices, as shown in the
previous chapters, we can conclude that the injection angles influence the formation of NOx
through the flow-induced vortices that form. As a result, the NO2 conversion is found to be
very sensitive to the injection angles.

The other mechanism that is observed is part of the deNOx process, which enhances
when the respective reaction rates are enlarged. Since usually the deNOx process does not
contribute to the addition of larger NOx to the process, it is not considered as a NOx
producing mechanism. Small contributions to the NOx are given through the N20

destruction and NNH path.
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5. Conclusions and general considerations

A study to determine the combustion characteristics on hydrogen angled injection has
been performed in the simulated afterburner chamber of the PCTJ. Fuel-lean and fuel-rich
experiments and simulations have been performed at different injection configurations to
determine the heat loss, heat release ration, combustion efficiency and EINOx. A sensitivity
study has also been performed to determine the important reactions that create NOx in the
current combustor in order to better understand and correct NOx emissions. The following

conclusions have been drawn:

e Equivalence ratio

o At fuel-lean conditions, for constant upstream angles, when downstream
angles increase, the average temperature increases in the chamber.

o At fuel-lean conditions, constant upstream angles with variable
downstream, the combustion efficiency increases.

o Large upstream angles have little influence on the combustion efficiency
near the nozzle, when the combustion efficiency peak moves closer to the
injector.

o At fuel rich conditions the angled injection modifies the combustion

efficiency to almost 10%.

e Heat loss

o As angles increase on the downstream, the total heat loss increased by

the mixture’s prolonged contact with the walls.
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o As angles increase on the upstream, they had minor influences on the

total heat loss.

Flow behavior

o Vortices in the recirculation zone break down when fuel is injected with

large angles on the downstream.

o High upstream angles create vortices up-flow of the upstream injection

holes and in-between the injection holes

NOx

o NOis produced in the post-flame region of the flame.

o NO?2 is produced in the pre-flame region of the flame.

o For fuel-rich combustion, NOx is produces, in larger degree by the NO2
conversion, and thermal NOx, with small contribution given by the N20

destruction and NNH path.

Combustion efficiency

o The position where the combustion efficiency is estimated is quite
important in considering the enthalpy difference. For hydrogen-fueled
combustion at fuel-rich conditions, a shorter combustor would yield

higher combustion efficiency.
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o Combustion efficiency using the heat release in the chamber is
independent of temperature and heat loss and properly determines the

effect of angled injection in the combustor.

o Higher upstream angles with constant downstream always decrease the

combustion efficiency.

o Combustion efficiency reaches a peak when vortices in the wake of the

injector are superimposed into one structure

o Combustion efficiency is influenced by angle-induced vortices that form in
the wake of the injector and later break down (for constant upstream
angles) and in between the injection holes (for constant downstream

angles).

The study was performed as part of a joint project between the university of Tokyo and JAXA,
in order to understand the behavior of angled injection in the combustor. Several
experiments have shown flow instabilities and different combustion phenomena in the
combustor, so a series of experiments have begun to search for an optimal injector shape,
while in parallel; an optimal injection angle was studies. The present simulations help
provide an understanding of the flow induced behavior of different injection angles, as well
as low NOx and high combustion efficiency configurations. These results will help the
experimental combustor with choosing a set of configurations that can work to provide
optimal conditions. The experimental results, themselves, are helping a larger experimental
of a small sized engine performed at JAXA which in the end can and will facilitate better
design, configurations and understanding of the engine’s functionality. As such, some

general considerations are presented below:
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Flow behavior

e Perpendicular and up-flow injection decreases the combustion efficiency.
e Upstream angles when the downstream angles are constant have little influence on

the combustion efficiency.

NOx

e Fuel-rich combustion allows for less variation, with angles, and lower NOx emissions

in the combustor then fuel-lean combustion.

Combustion efficiency

e The position where the combustion efficiency is estimated is quite important in
considering the enthalpy difference. For hydrogen-fueled combustion at fuel-rich
conditions, and the same design with one injector, a shorter combustor would yield
higher combustion efficiency.

e Combustion efficiency using the heat release in the chamber is independent of
temperature and heat loss and properly determines the effect of angled injection in

the combustor.

Configurations

e Low-NOx and high combustion efficiency configurations have injection angles

between 30° to 60° on downstream and upstream injection holes.
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Appendix 1

Table 8 H/N/O kinetic mechanism

Units are cm®>-mole-s-cal-K, k = A - T" exp(—E,/RT)

No. Reaction A n E, Third body coefficients
1 H+H+M=H2+M 6.50E+17 -1 0 a
2  H+H+H2=H2+H2 1.00E+17 -0.6 O
3 O+0+M=02+M 1.00E+17 -1 0 b
4  O+H+M=0H+M 6.20E+16 -06 O c
5 H2+02=0H+OH 1.70E+13 O 48150
6 O+H2=0OH+H 5.06E+04 2.67 6285
7 H+02=0H+O 1.00E+14 O 14843
8 H+02+M=HO2+M 1.40E+18 -0.8 O d
9 H+OH+M=H20+M 2.20E+22 -2 0 e
10 H2+OH=H20+H 1.00E+08 1.6 3300
11 OH+OH=H20+0 1.50E+09 1.14 100
12 HO2+0OH=H20+02 1.90E+16 -1 0
13 HO2+0=0H+02 3.25E+13 O 0
14 H+HO2=H2+02 4.22E+13 O 1411
15 H+HO2=0OH+OH 1.70E+14 O 875
16 H+HO2=H20+0 3.00E+13 O 1700
17 HO2+HO2=H202+02 4.20E+14 O 12000 f
18 HO2+HO2=H202+02 1.30E+11 O -1640 g h
19 OH+OH(+M)=H202(+M) 7.20E+13 -0.37 O g

20 OH+OH(+H20)=H202(+H20) 7.20E+13 -0.37 O

21 H202+0OH=HO2+H20 7.80E+12 O 1320
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39
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42
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46

H202+H=HO2+H2
H202+H=H20+0OH
H202+0=HO2+0OH
N2+0=NO+N
N+02=NO+0
NO+M=N+0+M
NO+NO=N2+02
N20(+M)=N2+0(+M)
N20+0=N2+02
N20+0=NO+NO
N20+N=N2+NO
N20+NO=N2+NO2
NO+0O(+M)=NO2(+M)
NO2+0=N0O+02
NO2+N=NO+NO
NO2+N=N20+0
NO2+NO=N20+02
NO2+NO2=NO+NO+02
NO2+NO2=NO3+NO
NO2+0(+M)=NO3(+M)
NO3=NO+02
NO3+0=N02+02
NO3+NO2=NO+NO2+02
NO3+NO3=N0O2+NO2+02

N204(+M)=NO2+NO2(+M)

1.70E+12

1.00E+13

6.60E+11

1.80E+14

9.00E+09

9.64E+14

3.00E+11

1.26E+12

1.00E+14

6.92E+13

1.00E+13

2.75E+14

1.30E+15

3.91E+12

1.00E+12

8.40E+11

1.00E+12

3.95E+12

1.13E+04

1.33E+13

2.50E+06

1.02E+13

1.20E+11

5.12E+11

4.05E+18

-1.1

3750

3575

4000

76100

6500

148300

65000

62620

28200

26630

20000

50000

0

-238

60000

27590

22720

12120

3200

4870

12840

g ]

g k

g m

gn
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47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

N204+0=N203+02

NO2+NO(+M)=N203(+M)

N203+0=N0O2+NO2

N2+M=N+N+M

NH+M=N+H+M

NH+H=N+H2

NH+N=N2+H

NH+NH=NNH+H

NH+NH=NH2+N

NH+NH=N2+H2

NH2+M=NH+H+M

NH+H2=NH2+H

NH2+N=N2+H+H

NH2+NH=N2H2+H

NH2+NH=NH3+N

NH3+NH=NH2+NH2

NH2+NH2=N2H2+H2

NH3+M=NH2+H+M

NH3+M=NH+H2+M

NH3+H=NH2+H2

NH3+NH2=N2H3+H2

NNH=N2+H

NNH+M=N2+H+M

NNH+H=N2+H2

NNH+N=NH+N2

1.21E+12

1.60E+09

2.71E+11

1.00E+28

2.65E+14

3.20E+13

9.00E+11

5.10E+13

5.95E+02

1.00E+08

3.16E+23

1.00E+14

6.90E+13

1.50E+15

1.00E+13

3.16E+14

7.80E+11

2.20E+16

6.30E+14

5.42E+05

1.00E+11

3.00E+08

1.00E+13

1.00E+14

3.00E+13

14

-3.33

2.4

0.5

0.5

0

0

225000

75500

325

0

0

-2000

91400

20070

2000

26800

93470

93390

9920

21600

3060

2000
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72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

NNH+NH=N2+NH2

NNH+NH2=N2+NH3

NNH+NNH=N2H2+N2

N2H2+M=NNH+H+M

N2H2+M=NH+NH+M

N2H2+H=NNH+H2

N2H2+N=NNH+NH

N2H2+NH=NNH+NH2

N2H2+NH2=NH3+NNH

N2H3+M=NH2+NH+M

N2H3+M=N2H2+H+M

N2H3+H=N2H2+H2

N2H3+H=NH2+NH2

N2H3+H=NH+NH3

N2H3+N=N2H2+NH

N2H3+NH=N2H2+NH2

N2H3+NH2=N2H2+NH3

N2H3+NNH=N2H2+N2H2
N2H3+N2H2=N2H4+NNH
N2H3+N2H3=NH3+NH3+N2

N2H4(+M)=NH2+NH2(+M)

N2H4+M=N2H3+H+M

N2H4+H=N2H3+H2

N2H4+H=NH2+NH3

N2H4+N=N2H3+NH

2.00E+11

1.00E+13

1.00E+13

5.00E+16

5.00E+16

8.50E+04

1.00E+06

1.00E+13

8.80E-02

5.00E+17

1.00E+17

1.00E+13

5.00E+13

1.00E+11

1.00E+06

2.00E+13

1.00E+11

1.00E+13

1.00E+13

3.00E+12

5.00E+14

1.00E+15

7.00E+12

2.40E+09

1.00E+10

0.5

2000

0

4000

45000

103000

-230

0

6000

-1610

50000

29000

2000

4000

6000

60000

60000

2500

3100

2000

estimate p

estimate p

g u

estimate u
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97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

N2H4+NH=NH2+N2H3

N2H4+NH2=N2H3+NH3

N2H3+N2H3=N2H4+N2H2

N+OH=NO+H

N20+H=N2+OH

N20+H=NH+NO

N20+H=HNNO

HNNO+H=H2+N20

HNNO+H=NH2+NO

HNNO+OH=H20+N20

N20+H=NNH+O

N20+OH=N2+HO2

HNO+NO=N20+0OH

NO2+H=NO+OH

NO2+0OH=HO2+NO

NO2+HO2=HONO+02

NO2+H2=HONO+H

NO2+NH=N20+0OH

NO3+H=NO2+0OH

NO3+OH=NO2+HO2

NO3+HO2=HNO3+02

NO3+HO2=N0O2+0OH+02

N204+H20=HONO+HNO3

N203+H20=HONO+HONO

NO+H(+M)=HNO(+M)

1.00E+09

1.80E+06

1.20E+13

2.80E+13

2.20E+14

6.70E+22

8.00E+24

1.00E+13

1.00E+12

1.00E+13

5.50E+18

1.00E+14

8.50E+12

1.32E+14

1.81E+13

4.64E+11

3.21E+12

1.00E+13

6.62E+13

1.39E+13

5.55E+11

1.51E+12

2.52E+14

3.79E+13

1.52E+15

1.5 2000
1.71 -1380
0 0

0 0

0 16750
-2.16 37155
-4.39 10530
0 0

0 0

0 0
-1.06 47290
0 30000
0 29580
0 362

0 6676
0 -479

0 28810
0 0

0 0

0 0

0 0

0 0

0 11590 g q
0 8880
-041 0
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122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

HNO+H=NO+H2

HNO+OH=NO+H20

HNO+0O=0H+NO

HNO+O=NO2+H

HNO+02=NO+HO2

HNO+N=NO+NH

HNO+N=H+N20

HNO+NH=NH2+NO

HNO+NH2=NH3+NO

HNO+HNO=N20+H20

HNO+NO2=HONO+NO

NO+OH(+M)=HONO(+M)

NO2+H+M=HONO+M

HONO+0O=0H+NO2

HONO+OH=H20+NO2

HONO+HONO=H20+NO2+NO

HONO+NH2=NO2+NH3

NO2+OH(+M)=HNO3(+M)

NO+HO2+M=HNO3+M

HNO3+OH=NO3+H20

NH3+0=NH2+OH

NH3+OH=NH2+H20

NH3+HO2=NH2+H202

NH2+0=H2+NO

NH2+O=HNO+H

4.46E+11

1.30E+07

5.00E+11

5.00E+10

2.20E+10

1.00E+11

5.00E+10

5.00E+11

2.00E+13

8.50E+08

6.02E+11

2.00E+12

1.40E+18

1.20E+13

1.26E+10

2.30E+12

5.00E+12

2.41E+13

1.50E+24

1.03E+10

1.10E+06

5.00E+07

3.00E+11

5.00E+12

4.50E+13

0.72

1.88

0.5

0.5

0.5

0.5

-0.05

-15

-3.5

2.1

1.6

655

-956
2000
2000
9140
2000

3000

1000
3080 g q
2000
-721
900
5960
135

8400 g4q

2200
-1240
5210
950

22000
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147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

NH2+O=NH+OH

NH2+OH=NH+H20

NH2+HO2=HNO+H20

NH2+HO2=NH3+02

NH2+02=HNO+OH

NH2+NO=NNH+OH

NH2+NO=N2+H20

NH2+NO=H2+N20

NH2+NO2=N20+H20

NH+O=NO+H

NH+0O=N+OH

NH+OH=HNO+H

NH+OH=N+H20

NH+HO2=HNO+OH

NH+02=HNO+O

NH+02=NO+OH

NH+H20=HNO+H2

NH+N20=N2+HNO

NH+NO=NNH+O

NH+NO=N2+0OH

NH+NO2=NO+HNO

N2H4+0=N2H2+H20

N2H4+0=N2H3+OH

N2H4+OH=N2H3+H20

N2H4+HO2=N2H3+H202

7.00E+12

9.00E+07

3.00E+13

4.50E+13

4.50E+12

9.30E+11

2.00E+20

1.00E+13

1.10E+18

4.50E+13

4.50E+13

2.00E+13

5.00E+11

1.00E+13

4.00E+13

7.80E+10

2.00E+13

2.00E+12

5.60E+12

6.10E+13

1.00E+11

8.50E+13

2.50E+12

3.00E+10

4.00E+13

1.5

0.68

-460

25000

920

33700

2000

2000

18000

1530

13850

6000

10870

120

4000

1200

1200

1290

2000

estimate (s)
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172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

N2H3+0=N2H2+0OH

N2H3+0=NNH+H20

N2H3+OH=N2H2+H20

N2H3+02=N2H2+HO2

N2H3+HO2=N2H2+H202

N2H3+HO2=N2H4+02

N2H2+O=NH2+NO

N2H2+O=NNH+OH

N2H2+OH=NNH+H20

N2H2+HO2=NNH+H202

N2H2+NO=N20O+NH2

NNH+0O=N2+OH

NNH+OH=N2+H20

NNH+02=N2+HO2

NNH+02=N20+0OH

NNH+HO2=N2+H202

NNH+NO=N2+HNO

2.00E+13

3.16E+11

3.00E+10

3.00E+12

1.00E+13

8.00E+12

1.00E+13

2.00E+13

1.00E+13

1.00E+13

3.00E+10

1.70E+16

2.40E+22

1.20E+12

2.90E+11

1.00E+13

5.00E+13

0.5

0.7

-1.23

-2.88

-0.34

-0.34

1000

1290

2000

1000

1000

2000

500

2444

150

150

2000

a) Enhanced third-body efficiencies (relative to Ar): H, = 0.0, H,0=6.2

b) Enhanced third-body efficiencies (relative to Ar): H, = 2.5, H,0=6.2, 0,=20, NO=5,

N,=5, N=5

c) Enhanced third-body efficiencies (relative to N,): H, = 2.5, H,0=6.2, Ar=0.88
d) Enhanced third-body efficiencies (relative to N,): H, = 1.5, H,0=1.1, Ar=0.44

e) Enhanced third-body efficiencies (relative to N,): H, = 2.5, H,0=6.4, Ar=0.38

f) Rate constant is the sum of two expressions
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g)

h)

j)

k)

1)

Pressure-dependent reaction. kg and ke refer to the low- and high-pressure limits,
respectively. Reaction with specified F..; parameters use the Troe form, all others
use the Lindemann expression

Enhanced third-body efficiencies: H,0=0.0

Enhanced third-body efficiencies (relative to Ar): NO=3, N,=1.5

Enhanced third-body efficiencies (relative to Ar): 0,=1.4, N,=1.7, N,0=3.5, NO=3,
H,0=12

Enhanced third-body efficiencies (relative to N,): N,O = 4.4, 0,=0.8, Ar=0.6, NO=1.8,
NO,=6.2

Rate constant has been measured by Clyne and McDermid 88

m) Enhanced third-body efficiencies (relative to Ar): 0,=0.8, H,=2, H,0=10

n)
o)
p)

a)

t)

u)

Enhanced third-body efficiencies (relative to N,): N,04=2, Ar=0.8, NO,=2
Enhanced third-body efficiencies (relative to Ar): N=5, 0=2.2

Enhanced third-body efficiencies (relative to Ar): N,=2.0, H,=2, 0,=2, H,0=15
Enhanced third-body efficiencies (relative to N;): H,0=10, 0,=2.0, Ar=0.75, H,=2.0
The rate constant is attributed to the reaction NH, + NO = N, + H + OH

Estimation based on the calculated activation energy

Y% of the total rate constant recommended for the reaction NH + O = Products

Enhanced third-body efficiencies : N,=2.4, NH3=3.0, He=0.6, N,H4=4.0
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